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El crecimiento de la población mundial, la constante industrialización de los países desarrollados y 
un aumento considerable en el consumo energético han promovido una demanda creciente de 
petróleo en el mundo. Sin embargo, el declive de las reservas de crudo liviano hace atractivo la 
explotación de petróleo pesado y extra-pesado para suplir los requerimientos energéticos debido a 
la capacidad de petróleo recuperable (IEA). El crudo pesado y extrapesado (bitumen) se define como 
aquel con gravedad API igual o inferior a 20 e igual o inferior a 10 (más denso que el agua), 
respectivamente. A pesar de la importancia y los altos volúmenes de las reservas de crudo pesado, 
el desarrollo, la producción y el refinamiento se dificulta debido a sus propiedades físico-químicas, 
principalmente su alta densidad y viscosidad, baja gravedad API, y alto contenido de hidrocarburos 
pesados. Los crudos pesados (HO) y extrapesados (EHO) por lo general tienen un gran porcentaje 
de componentes pesados como resinas y asfaltenos los cuales reducen la gravedad API° y aumentan 
drásticamente la viscosidad del crudo. Para mejorar el transporte del crudo pesado en superficie las 
técnicas convencionales usadas son: el calentamiento de tuberías y estaciones de bombeo, la dilución 
con solventes menos viscosos, emulsificación, y reducción de fricción  (flujo anular). Sin embargo 
estas técnicas son costosas debido principalmente a los altos consumos de materia prima, al 
calentamiento de grandes distancias de tubería y a la necesidad de procesos adicionales para el 
trasporte del crudo. Por tal motivo esta tesis se presenta con el objetivo de analizar una nueva 
tecnología que permita mejorar el trasporte de crudos pesados a condiciones de yacimiento y de 
superficie mediante la aplicación de nanofluidos en procesos no térmicos. Se espera que sea una 
técnica novedosa y competitiva en términos económicos, ya que el nanofluido se obtiene mediante 
rutas de síntesis poco complejas y su cantidad de uso en comparación con los solventes 
convencionales es mucho menor.   
 


















The growth of the world population, the constant industrialization of developed countries and a 
considerable increase in energy consumption have promoted an increasing demand for oil in the 
world. However, the decline in light crude reserves makes it attractive to exploit heavy and extra-
heavy oil to meet energy requirements due to recoverable oil capacity (IEA). Heavy and extra-heavy 
crude (bitumen) is defined as one with API gravity equal to or less than 20 and equal to or less than 
10 (denser than water), respectively. Despite the importance and high volumes of heavy crude 
reserves, development, production and refinement is difficult due to its physico-chemical properties, 
mainly its high density and viscosity, low API gravity, and high hydrocarbon content Heavy crude 
(HO) and extra-heavy (EHO) crude oils usually have a large percentage of heavy components such 
as resins and asphaltenes which reduce API gravity and drastically increase crude viscosity. In order 
to improve the transportation of heavy crude oil to the surface, the conventional techniques used are 
heating piping and pumping stations, dilution with less viscous solvents, emulsification, and 
reduction of friction (annular flow). However, these techniques are costly due mainly to the high 
consumption of raw material, the heating of large pipe distances and the need for additional 
processes for the transport of crude oil. For this reason, this thesis is presented with the objective of 
analyzing a new technology that allows improving the transportation of heavy crude oil to reservoir 
and surface conditions through the application of nanofluids in non-thermal processes. It is expected 
to be a novel technique and competitive in economic terms since nanofluid is obtained by means of 
little complex synthesis routes and its quantity of use in comparison with the conventional solvents 
is much smaller. 
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Currently, fossil fuels supply about 85% of the world's energy needs; with oil being responsible for 
over 40% of global energy consumption 1.  World oil demand has increased in the first years of the 
21st century compared to the last years of the 20th century 2. On this basis, it can be said that the 
world's oil needs will grow and remain as the main source of global energy supply 1, 2. The growth 
of the world population, the constant industrialization of developed countries and a considerable 
increase in energy consumption have promoted an increasing demand for oil in the world. However, 
the decline in light crude reserves makes it attractive to exploit heavy and extra-heavy oil to meet 
energy requirements due to recoverable oil capacity. 
Heavy and extra-heavy crudes are defined as crude with low API gravities below 20° and 10° 
respectively, and very high viscosities (> 1000 cP at 25°C) 3-6. Heavy crudes have complex 
components of high molecular weight and highly polar, called asphaltenes. Asphaltenes are usually 
defined as the heaviest, most aromatic and active surface area of crude oil 7-9,  being insoluble in 
light paraffin such as n-pentane, n-hexane, and n-heptane, but soluble in light aromatic compounds 
such as benzene, Toluene or pyridine 7-9. Although the structure of asphaltenes is complex, a general 
description is that they have a nucleus composed of one or more poly-crosslinked aromatic 
hydrocarbons (PAH) attached to aliphatic chains, classified according to their configuration as island 
type, Continental archipelago, or rosary structures10-12. Asphaltenes have heteroatoms such as 
nitrogen, sulfur and oxygen, and metals such as vanadium, iron, and nickel, indicating the presence 
of functional groups such as carboxyl, ketones, aldehydes, benzothiophenes, Dibenzothiophenes, 
naphthenobenzothiophenes, alkyl sulphides, alkyl aryl sulphides and aryl sulphides which can be 
found 11, 13, 14. High amounts of sulfur forming strong bonds CS and C=S which drastically increase 
the viscosity of the crude 15, 16.  In addition, because of the amphiphilic behavior of asphaltenes, they 
tend to self-associate and form large aggregates that also increase the viscosity of heavy crude.  
The injection of naphtha or CO2 for viscosity reduction are proven techniques to improve the 
production of heavy and extra-heavy oil both at the site and at the surface 17-19. However, these 
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techniques could lead to serious problems due to the possibility of modifying the behavior from oil 
phases to reservoir conditions, leading to precipitation of asphaltenes and deposition in porous media 
through the production system 17, 18. In addition, if precipitation and deposition occur in the rock, it 
could be reduced so much Porosity and permeability, negatively affecting the wettability of the 
system. 
On the surface, the most commonly used method to reduce the viscosity of heavy crude is the use of 
thinner diluents such as light crude oil, naphtha, kerosene, among others 17. The method consists of 
obtaining a mixture of lower viscosity by adding considerable amounts of diluents to achieve 
significant improvements in crude oil transportation. However, the high consumption of these 
solvents, coupled with the need to have pumping equipment, increases transportation costs and 
creates an environmental risk due to the production of polluting gasses, making it a not so attractive 
technique 17. The second with the largest order of importance is the method of heating the crude oil 
20. The principle is to keep oil at wellhead temperature. In general, additional heating is required due 
to heat losses. Crude oil is heated in the pumping stations through direct heaters 21. It is common to 
bury the pipes in order to insulate them thermally. These methods are widely used, but they are 
economically very costly, but when large distances are to be transported 18, 20, 21. 
For this reason, the phenomenon of viscosity reduction to improve the mobility of heavy crude oil 
has been extensively studied 22-33. Two lines of work are highlighted to improve the mobility of heavy 
crude: in thermal processes and in non-thermal processes. In thermal processes, the work of: Clark 
et al. 34, 35,  Fan et al. 36 Song et al. 37,  claim that the reduction of the viscosity of heavy crude is 
mainly due to chemical reactions, specifically by hydrolysis reactions 34, 35, acuotermolysis 36, 37 and 
visbreaking 37-39,  there the hydrolysis of aliphatic bonds of sulfur is the main characteristic of these 
reactions and its main effect is the reduction of asphaltenes and resins, reducing the molecular weight 
of the asphaltene and the sulfur content of the crude and thus generating a reduction of viscosity 16. 
Yufeng et al. 40 investigated the catalytic cracking of asphaltenes and resins by converting them into 
lighter molecules during acuotermolysis using nickel and iron catalysts. The best catalyst evaluated 
was iron naphthenate increasing the asphaltene conversion by 15% 
Different authors 38, 39, 41, 42 obtained a viscosity reduction in the acuotermolysis process using 
metallic and bimetallic catalysts with titanium, tungsten, and molybdenum. In a more recent study, 
Hashemi et al. 42 used ultra-dispersive Ni-W-Mo nanocatalysts prepared in-situ within a vacuum gas 
oil matrix for the enhancement of Athabasca bitumen at temperature and pressure conditions.  
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The authors found that the nanoparticles were suitable for improving bitumen by increasing the API 
gravity by 17% and the reduction of the viscosity of the oil by hydrogenation reactions at 340 °C 
was 42%. In addition, the microcarbon residue, sulfur, and nitrogen content were reduced. This series 
of studies highlight the high performance of the nanoparticles as catalysts, however, each thermal 
process demands high amounts of energy and the use of agents necessary to carry out the reactions 
typical of each process. 
On the other hand, there are non-thermal processes of viscosity reduction for which the following 
works stand out: Castro et al. 43 and the company GeoSstratos report the use of different viscosity 
reducing agents. Castro et al. 43 investigate the rheological behavior of solutions with terpolymers at 
different shear rates and temperatures. They synthesize terpolymers with different contents of 
styrene (S), n-butylacrylate (BA), and vinyl acetate (VA) by semicontinuous emulsion 
polymerization. The results confirm that the viscosity of the crude is reduced when the terpolymers 
have a high percentage in S and small amounts of BA or VA. The molecular weight of the 
terpolymers plays an important role in their performance as viscosity reducers. GeoEstratos SA offer 
viscosity bioreductores based on vegetable oils, reaching reductions in viscosity up to 60% at 
injection conditions of 3% applied to a reservoir at a temperature of 50 °C and a depth of 1280m, in 
emulsions with water content Of 2% 
Water-oil emulsions are also used to reduce the viscosity of the heavy crude oil and facilitate 
transportation. Emulsions require three conditions to form: the presence of water and oil as 
immiscible phases, agitation and a stabilizing agent (emulsifier). Naturally, the crude-water mixtures 
form water-in-oil (W/O) emulsions. This is because heavy oils have high asphaltenes contents, which 
act as natural emulsifiers and because of their solubility in the oil form the W/O emulsion. Other 
components of the oil also affect the stability of emulsions, such as resins, paraffin and naphthenic 
acids 44, 45. Resins help the solubilization of asphaltenes in the crude oil, which keeps them away 
from the interface and therefore decreases the Stability of the emulsion 45. The paraffin, on the other 
hand, is co-adsorbed at the interface and improve the stability of the emulsion. Naphthenic acids are 
probably responsible for the dependence of emulsion stability on the pH of water 45. In addition, the 
presence of wettable particles in the oil also favors the stability of emulsions 44, 45. Different studies 
study the rheological behavior of emulsions W/O. It is stated that the viscosity of the emulsion 
depends on factors such as Volumetric fraction of the dispersed phase, viscosity of the continuous 
phase, shear rate (if non-Newtonian), temperature, average and drop size distribution, viscosity of 
the dispersed phase, nature and concentration of the emulsifying agent and the presence of solids 44, 
46. The majority of authors obtain a higher emulsion viscosity than crude oil for emulsions W/O 47-
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49. Farah et al. 44, studied the effective viscosity of W/O emulsions using 6 different crude oils (API 
19-41 °) at shear rates between 10 and 80 s-1, temperatures between 8 and 50 °C and volumetric 
fractions of water between 0 and 40%. They obtain viscosity increases with increases in water 
fraction, decrease in temperature and cutting speed. In addition, they observe that the emulsions 
initially show a non-Newtonian behavior, but when increasing the temperature, they behave as 
Newtonian fluids. By increasing the volumetric fraction of water in the emulsion, the temperature 
increases above which the Newtonian behavior occurs. Johnsen and Ronningsen et al. 50, study the 
viscosity of pressurized W/O emulsions (14.5 - 1450 psi) for 7 different crudes from the North Sea 
(API between 19 ° and 38 °), at temperatures between 50 and 70 °C and water contents between 0 
and 90%. Viscosity increases of up to 82% are obtained for an amount of water of 88%. 
At the industrial level, the application of emulsions to transport the heavy crude through the 
Orimulsión® developed by the Venezuelan state oil company PDVSA in the eighties, this one 
consists of an emulsion of crude oil in water. The technology was developed with the aim of 
facilitating the transportation of heavy crude because the dilution with conventional diesel oil was 
no longer economically attractive 42, 45, 49, 51. 
Another method of reducing pressure drop in pipes caused by friction in order to transport bitumen 
and heavy crude is the annular flow. The first report of this technique is from Isaacs and Speed 26 
where it specifies the possibility of the channeling of viscous fluids through the lubrication of the 
walls of the tube with water. The main idea of this technique is to surround the core of the heavy 
crude matrix and to flow through the pipeline with a film layer of water or solvent near the wall of 
the pipeline, which acts as a lubricant. In this sense, the water or solvent behaves like the ring, while 
the heavy crude is the core in the flow through the pipe. The required water or solvent is in the range 
of 10-30% 32, 52. This implies that the pressure drop across the pipe depends weakly on the viscosity 
of the heavy oil, but strongly on that of the water. In addition, Bensakhria et al. 23,  found that with 
heavy oil as the center of the pipe and water near the surface of the pipe wall, the reduction in 
pressure drop was greater than 90% compared to crude Without lubrication. However, some of the 
limitations include the formation of waves that are created at the interface of the water, and the oil 
hinders the flow 23, 26. In addition, when the density difference between oil and water is large, a 
buoyancy force will produce a radial movement of the oil core. In addition, the stability of the flow 
system is still under investigation 24, 26. 
 Many papers have been presented highlighting the different techniques available to improve the 
mobility of heavy crude oil with its advantages and limitations. In search of new methods to optimize 
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the flow process of heavy crude, nanotechnology emerges as an alternative technique to reduce the 
viscosity of heavy crude. An extensive search converges on scarce jobs involving nanotechnology 
for this purpose.  
The usual techniques for the transport of heavy and extra-heavy oil are expensive and dangerous, 
and nanotechnology appears as a complementary technique capable of competing economically and 
technically because it exhibits a high potential, improving the mobility of heavy crude due to 
Reduction of viscosity through the interaction of minute particles with asphaltenes present in the 
crude. When the particles are added to nano size, they have high adsorptive capacity since their A/V 
ratio is very high. In addition, its nanometric size does not represent a problem to plug the pore 
grooves of conventional crude oil deposits, its surface has high affinity for the asphaltenes present 
in the crude, much larger than the affinity between own asphaltene aggregates, it is expected that 
when this occurs, the molecular weight of these aggregates also decreases and thus a considerable 
reduction of viscosity is obtained. 
Hence, the main objective of this study is synthesized nanofluids of different chemical nature that 
allow reducing the viscosity of the heavy crude by reducing the size of the asphaltene aggregate. 
For this reason, this document is divided into five main chapters that include: 1) Synthesis and 
characterizations of nanoparticles/nanofluids and its interactions with asphaltenes of heavy crude 
oil, 2) Viscosity reduction of heavy crude oil through the addition of nanoparticles/nanofluids by 
steady state rheology measurements, 3) Changes in internal structure of heavy oil with dynamic 
rheology measurements, 4) Transport conditions optimization with the addition of nanofluids, and 
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1. Synthesis and characterizations of 
nanoparticles/nanofluids and its interactions 
with asphaltenes of heavy crude 
By definition a nanoparticle is a “Microscopic particle whose size is measured in nanometers, often 
restricted to so-called nanosized particles (NSPs; <100 nm in aerodynamic diameter), also called 
ultrafine particles”.1 Nanotechnology has been developing in the last years applying to all type of 
industry: Food industry,2, 3 biotechnology,4  medicine,5-7 energy,8-10 textiles,11 construction,12 
environments,13 and obviously the oil and gas industry.14 Nanoparticles have  been used by the oil 
industry for formation damage inhibition,15-18 HO, and EHO upgrading,19 enhanced (EOR) and 
improve recovery (IOR) processes,17, 20 and wastewater remediation.21 Due to their particle sizes, 
between 1 and 100 nm, large available surface area, high dispersibility and tunable physicochemical 
characteristics, nanoparticles are prone to selectively adsorb asphaltenes and inhibit their self-
association. 22  In a previous study, 17, 20, 23 our research group focused on using silica, γ-alumina and 
magnetite nanoparticles to inhibit the aggregation of asphaltenes under varying temperature, solvent 
ratios and asphaltene concentration. Hence, the characterization of the nanoparticles is of paramount 
importance to the understanding of the nanoparticle’s role in the heavy oil and extra-heavy oil 
viscosity reduction. Nanoparticle’s size is a key parameter to take into account when considering 
these materials for an in-situ application. It has to be ensured that the material available for injection 
into the reservoir meets the size constraints to ensure that nanoparticles would not cause a further 
damage into the reservoir due to pore throat bridging or blockage. According to the one-third to one-
seventh arch principles, the particle size could contribute to the bridging/blockage as follows: i) 
particles larger than 1/3 of pore size are prone to generate pore blocking, ii) particles in the range 
1/7 – 1/3 of pore size would generate a bridge in the pore throat that further will generate pore 
blockage and iii) particles with size lower than 1/7 of pore size are able to pass through the pore 
throat.24-26 It is expected that nanoparticles employed for injection into the reservoir would 
accomplish the third aforementioned scenario.22 Because of their unique and exceptional properties, 
such as large surface area and size-and shape-dependent catalytic properties, nanoparticles can also 
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be employed as adsorbents and/or catalysts for removal of heavy waste polar hydrocarbons from 
crude oil, like asphaltenes. The adsorption and subsequent catalytic thermal decomposition of 
asphaltenes onto different surfaces of nanoparticles were first introduced by Nassar and coworkers.22, 
27-34. In his earlier study,34 Nassar investigated the kinetics and thermodynamic of the asphaltene 
adsorption on -Al2O3 nanoparticles. The author reported that adsorption was fast as adsorption 
equilibrium was achieved in less than 2 h. This was attributed to the non-porous character of the 
material, where the external adsorption is dominated. More recently, Cortés et al...35 and Franco et 
al...16 have developed several studies on the adsorption of n-C7 asphaltenes extracted from 
Colombian crude oils using NiO nanoparticles supported onto nanoparticles of silica and alumina,16, 
17, 35 respectively. Authors found that the selected nanoparticles have high adsorptive capacities and 
the adsorption equilibrium time was very short (i.e., about two minutes).16 In this order, this chapter 
describes the synthesis and characterization of the selected nanoparticles and nanofluids, and the 
adsorption of the asphaltenes onto nanoparticles. Silica nanoparticles were synthesized by the sol-
gel method, respectively. Magnetite, Silica, and Alumina were purchased. Additionally, the surface 
of a nanoparticle was modified using basic and acid agents. Nanoparticles were characterized trough, 




Commercial nanoparticles of fumed silica (S8, S12, and S285), magnetite (F97), γ-alumina (Al35), 
and in-house synthesized nanoparticles of silica (S97, S8A, and S8B) were used as viscosity reducers 
agents. The commercial nanoparticles of fumed silica and γ-alumina were obtained from Sigma-
Aldrich (St. Louis, MO) and commercial magnetite nanoparticles from Nanostructured & 
Amorphous Materials (Houston, TX).  
Tetraethyl orthosilicate (TEOS, > 99%), ethanol (99.9%) and NH4OH (28%) were used to synthesize 
the silica nanoparticles. All reactants employed for the synthesis were purchased from Sigma-
Aldrich (St. Louis, MO). For SiO2 nanoparticles surface modification, H2SO4 (95-97%, Merck 
KGaA, Germany) and NH4OH (28%, Sigma-Aldrich, St. Louis, MO) was used.  
Two Colombian oils were used as heavy oil (HO) and extra heavy oil (EHO). The properties of the 
selected HO and EHO are presented in Table 1.1. Four nanofluids were prepared with different 
diluents. Toluene (99.5%, Merck KGaA, Germany), biodiesel, and naphtha were used as diluents; 
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these two last were provided by the Ecopetrol S.A (Colombia). Cetyltrimethylammonium Bromide 
CTAB (98%, PanReac, Spain) and non-ionic surfactant Tween 80 (Sigma-Aldrich, St. Louis, MO) 
were employed for nanofluids preparation. 
Table 1.1 HO and EHO characterization 
Material API (°) Viscosity at 298 K (cP) C (wt%) H (wt%) N (wt%) O (wt%) 
HO 13 1.2 x 105 80.4 9.46 2.3 7.84 
EHO 6.4 2.2 x 106 84.8 7.5 0.88 6.82 
 
 Silica nanoparticles synthesis and surface modification. 
The S97 nanoparticles were synthesized using the sol-gel method following a basic route,  based on 
the procedure initially proposed by Stöber et al...36, 37 The sol-gel method consists in a sol preparation, 
its further gelation, and solvent removal and could be produced from inorganic or organic precursors. 
Here, silica nanoparticles were obtained by forming a 3-D structure of interconnected siloxane 
bridges (Si–O–Si) achieved through simultaneous and repeated hydrolysis and polycondensation of 
determined precursor such as TEOS.38 NH4OH and ethanol are used, respectively, as catalyst of the 
hydrolysis reaction and as mutual solvent between water and TEOS.36 Route A consisted in stirring 
the previously mixed reactants at 300 rpm for 4 hours. Then, the solution is centrifuged at 4500 rpm 
for 30 min using a Hermle Z 306 Universal Centrifuge (Labnet, NJ) and left to stand overnight. 
Finally, the result is washed with ethanol and deionized water and dried overnight at 120°C. The 
quantities TEOS:H2O:NH4OH:ethanol molar ratios of 1:6:1:0.25 were used. In this document, SiO2 
nanoparticles are nomenclated according to the size. For instance, S97 nanoparticles, are SiO2 
nanoparticles of 97 nm o diameter size. The commercial nanomaterial of 8 nm was selected for 
acidification and basification of the surface, which consisted of mixing nanoparticles and sulfuric 
acid at 0.3 wt% to obtain a solution at pH = 4, and NaOH at 0.3wt% to obtain a solution at pH=11. 
A Horiba Navih pH meter was used for pH measurements. The solution was sonicated for 2 hours 
at room temperature, then further stirred magnetically at 100 rpm for 12 hours and subsequently 
centrifuged at 4500 rpm for 15 minutes. The nanoparticles were dried at 393 K for 4 hours.  
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 Nanofluids preparation  
The nanofluid is prepared using four different types of carrier fluid namely: toluene, biodiesel, 
biodiesel + Tween 80, and biodiesel + CTAB. In the addition of surfactants to the biodiesel, 1 wt% 
of the respective surfactant is mixed with the biodiesel at 300 rpm and 298 K. A fixed nanoparticles 
dosage of 1000 mg/L regarding the oil volume was selected for nanofluids preparation. This 
nanoparticles concentration was chosen based on the experimental results of our previous work.39   
Nanoparticles were added to the carrier fluid using a magnetic stirrer at 300 rpm for 1 h at 298 K 
and subsequently sonicated for 30 min for guarantying the correct dispersion of the nanoparticles in 
the liquid medium. The properties of the prepared nanofluids are summarized in Table 1.2. In this 
document, the obtained nanofluids are named after the initial letter of the base fluid and the surfactant 
employed. For instance, biodiesel-based nanofluid with 1 wt% of Tween 80 is named as BTWNF. 
Table 1.2 Properties of the prepared nanofluids at 298 K. 
Nanofluid Diluent Surfactant Density at 298 K 
(g/mL) 
Viscosity at 
298 K (cP) 
TNF Toluene - 0.87 ± 0.02 0.61  ± 0.01 
BNF Biodiesel - 0.88 ± 0.02 4.4  ± 0.2 
BTWNF Biodiesel 1 wt% Tween 80 0.91 ± 0.03 4.9  ± 0.4 
BCNF Biodiesel 1 wt% CTAB 0.92 ± 0.03 4.8  ± 0.5 
 
1.1.2 Nanoparticles characterization   
Commercial, synthesized and modified nanoparticles were characterized trough particles size and 
surface area. Particle or crystallite size of nanoparticles was determined using field emission 
scanning electron microscopy (FESEM) and dynamic light scattering (DLS) measurements. The 
surface areas (SBET) of the selected nanoparticles were measured following the 
Brunauer−Emmett−Teller (BET) 40, 41 method and was compared to the geometrical surface area 
according to the estimated particle size.  
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 Particle size measurements 
 
The size of the evaluated nanoparticles (dp) was determined by FESEM, DLS, and XRD. A JSM-
6701F (JEOL, Japan) field emission scanning electron microscope was used to obtain images of the 
selected materials with their particle size distribution. The sample was prepared by dispersing the 
material on ethanol in a concentration of 100 mg/L and sonicated for 3 h at room temperature. Then, 
a drop of the dispersion was carefully placed in a graphite tape previously stuck in the apparatus 
sampler. Finally, the sample is gold-plated and further introduced to the microscope. 
DLS measurements were performed using a nanoplus-3 from Micromeritics (Norcross, ATL) set at 
room temperature and equipped with a 0.9 mL glass cell.42-44 The solid sample was dispersed in 
water in a relation of 0.5 mg/10 mL and sonicated for four hours. Then, an aliquot of the sonicated 
sample was placed in the glass cell. The scattering angle varies according to the solvent used to 
optimize the intensity of the flocculation of scattering light. The mean particle diameter 







  (1.1) 
where Bk  (1.38 x 10
-23 m2kg∙s-2K-1) is the Boltzmann constant, T (K) is temperature,  (cP) is the 
viscosity of the medium, and aD  (m
2∙s-1) is the diffusion coefficient of the particles.   
 Surface area estimation 
 
The SBET of the selected nanoparticles were measured following the BET method.40, 41 This was 
achieved by performing nitrogen adsorption−desorption at 196°C, using an Autosorb-1 from 
Quantacrome. The samples were degassed at 140°C under N2 flow overnight before analysis. Surface 
areas were calculated using the BET equation. 
 
Additionally, assuming non-porous spheres with sphericity = 1, the geometrical surface area (SA, 







where  (g/cm3) is the true material density taken as 2.65, 3.95, and 4.95 g/cm3 for SiO2, 
Al2O3, and Fe3O4, respectively.   
Chapter 1 29 
 
1.1.3 Methods  
 n-C7 asphaltenes isolation protocol  
Asphaltenes were precipitated from Akacias and Suria crude oil following a standard procedure.16 
In brief, an excess amount of n-heptane was added to the crude oil in a volume ratio of 40:1. The 
mixture was then sonicated for 2 h at 298 K and further stirred at 300 rpm for 20 h. Black precipitates 
formed at the bottom. The precipitated asphaltenes were collected after decanting the supernatant. 
Then, asphaltenes were washed with fresh n-heptane at a ratio 1:4 (g/mL), centrifuged at 5000 rpm 
for 15 min and left to rest for 24 h. The asphaltenes were separated from the final solution by filtration 
using an 8 µm Whatman filter paper. The cake was washed with n-heptane several times until the 
color of the asphaltenes became shiny black. Finally, the obtained asphaltenes were homogenized 
and fined using pestle and mortar and left to dry at 298 K in a vacuum oven for 12 h.  
 
 n-C7 asphaltenes adsorption 
 
Adsorption isotherms for  n-C7 asphaltenes on  the nanoparticles were collected at 303 K,  in a 
concentration (Ci) range of 100-1500 mg/L and at a ratio of nanoparticle-to-solution of 100 mg per 
10 mL.19, 48 An UV-vis spectrophotometer Genesys 10S (Thermo Scientific, Waltham, MA) was 
used to determine the asphaltene concentration in solution before and after the adsorption process. 
Hence, a number of n-C7 asphaltenes adsorbed (Nads) onto the selected nanoparticles could be 
estimated by a mass balance analysis once adsorption equilibrium is reached.34 Additional 
information on the procedure can be found in previous publications.16, 17, 48  
 
 n-C7 asphaltenes aggregation experiments. 
DLS measurements of heavy oil model solutions in the presence and absence of nanoparticles were 
performed to evaluate the average aggregate size of n-C7 asphaltenes as a function of nanoparticle 
addition. n-C7 asphaltenes were dissolved in a mixture n-heptane/toluene (Heptol) 40% v/v at a 
concentration of 1000 mg/L. The mixture was magnetically stirred at 300 rpm, and aliquots were 
taken to obtain the mean asphaltene aggregate size as a function of time. The dosage of nanoparticles 
was  fixed at 10 g/L to guarantee total decantation of the nanoparticles and thus obtain an accurate 
estimate of the n-C7 asphaltenes aggregate size.20  
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1.2 Modeling 
The solid-liquid equilibrium model (SLE) is used for describing the adsorption isotherms of 
asphaltenes on nanoparticles and for estimating the thermodynamic properties of adsorption.  
1.2.1 Solid-Liquid equilibrium model (SLE)  
The adsorption isotherm of n-C7 asphaltenes onto nanoparticles is described by using the association 
theory suggested by Talu and Meunier49 for the adsorption of associating molecules in micropores 
and further developed by Montoya et al...50 for describing the adsorption isotherms of self-assemble 














where (mg/m2) is the maximum adsorption capacity,  is the measured Henry’s law constant, 
which is only a function of temperature, and an indicator of the adsorption affinity (i.e., the strength 
of interactions for adsorption) of asphaltenes onto nanoparticle surface. The lower the  value (i.e., 
higher Henry’s constant) is the higher the affinity (i.e., the active sites are in locations which are 
easily accessible by asphaltenes).  is constant and an indicator of rapid association of asphaltenes 
molecules once the primary sites are occupied. A (m2/mg) is the measured surface area per mass 
of nanoparticles and CE (mg/g) is the equilibrium concentration of asphaltenes. The other 
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 is the amount adsorbed (mg/m2), and KT is the reaction constant for dimer formation. For 
describing the thermodynamic properties of asphaltene adsorption, a five-parameter-temperature 














where and are related to the reaction entropy, and a reaction enthalpy of asphaltenes 
adsorption on the nanoparticles surface and  is the absolute temperature. Accordingly, the change 




Using the Gibbs equation,51 the change in Gibbs free energy can be estimated as follows: 
 (1.11) 
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1.3 Results 
1.3.1 Particle size 
Panels a− j from Figure 1.1 show the FESEM images and the corresponding particle size probability 
distribution for the nanoparticles (a and b) S8, (c and d) S12, (e and f) S97, (g and h) S285, (i and j) 
F97, and (k and l) Al35. Additionally, Table 1.3 shows the estimated values of the mean particle size 
and surface areas of the selected nanoparticles obtained by the methods previously described. As 
observed in Figure 1.1 all materials, synthesized and commercials, except S298, have a mean particle 
diameter in the nano-scale according to the definition of nanotechnology. Results are in excellent 
agreement with Dabbaghian et al.,53 who synthesized silica nanoparticles trough the sol-gel method 
using TEOS as the precursor and NH4OH as a catalyst and found that for molar ratios NH4OH/H2O 
< 2 the particle size increased as the NH4OH/H2O molar ratio increased. Figure 1.2 shows the DLS 
results for the synthesized and commercial nanoparticles. As seen in Figure 1.2 and Table 1.3, the 
mean particle of nanoparticles has the same trend than the one observed trough FESEM. This could 
be due to great van der Waals attractive forces between nanoparticles in the aqueous medium because 
of Brownian motion.46, 54  
 
The S285 nanoparticles are larger than the one acceptable for classifying them as nanoparticles. 
However, the sample will be considered for asphaltenes adsorption and subsequent viscosity 
reduction tests due to two main reasons: i) nanoparticles could be sufficiently small for neglecting 
the possibility of blockage or bridging in an HO reservoir formation55, 56 and ii) about the 15% of the 
particles are in the nanoscale range. For example, Pachón25 evaluated the petrophysic properties of 
the K1 and K2 units from the Gacheta and Une formations in the Castilla field (HO) placed in the 
Meta department, the central region of Colombia. The author found that for depths between 6417 
and 6911 ft the predominant mean pore diameter was about 204 μm. Hence, according to the bridge 
arch principle, bridging due to particle intrusion in the pore throats would happen for particles with 
an average size between 29 and 68 μm, values much higher than that of the mean particle size of 
S285.  
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S8 9 8 389.1 
S8A 9  8 239.7 
S8B 9 8 138.1 
S11 11 12 210 
S97 95 97 26 
S285 300 292 14 
F97 92 97 102.2 
Al35 29 35 123 
 
 
1.3.2 Surface area 
 Synthesized and commercial nanoparticles 
The  
BET
S of the nanoparticles was determined through N2 physisorption at -196°C. Table 1.3 shows 
the estimated values of the surface areas obtained by the BET method. Among the  nanoparticles, it 
can be observed that as expected, for the same nature chemistry of nanoparticle, the surface area 
increases as the size of the particle decreases. The trend followed by the surface area is S8 > S12 > 
S97 > S285. It is worth noting that the surface area of the surface modified silica tends to decrease 
because the acid or base molecules possibly cover the pores of the virgin nanoparticle. For this 
reason, the value for S8A and S8B is lower than for S8 
 
1.3.3 Adsorption isotherms. 
In this section, we present the interaction between the nanoparticles selected in this thesis and the 
asphaltenes of the two types of crudes used throughout this research. 
The process of extracting asphaltenes and preparation of the solution models was previously 
explained in the methodology of the chapter. 
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Figure 1.2 Adsorption isotherms of EHO n-C7 asphaltenes onto nanoparticles of S8, S8A, S8B, 
S11, S97, S285, Al35, and F97 at 298 K. 
 
Figure 1.2 shows the experimental adsorption isotherms of EHO n-C7 asphaltenes onto nanoparticles 
evaluated at 298 K along with the solid-liquid-equilibrium (SLE) model.  Figure 1.2 shows that the 
n-C7 asphaltene adsorption isotherms follow a Type I behavior according to the International Union 
of Pure and Applied Chemistry (IUPAC) classification. Indeed, it can be clearly seen that the 
adsorptive capacity of the S8A nanoparticles is greater than that of the other nanoparticles evaluated. 
The results indicate that the adsorption ability to capture n-C7 asphaltenes by nanoparticles follows 
the order S8A > S8 > S11 > S8B > S97 > Al35 > S285 > F97, which is supported by the parameters 
values obtained from the SLE model, mainly the maximum adsorbed uptake (Table 1.4). It is noted 
that the adsorptive capacity of nanoparticles of acidic silica is greater than the rest, especially at low 
concentrations (Henry´s Region) wherein the affinity of the nanoparticles is greater than for others. 
This is confirmed by the values of the H parameter of the SLE model in increasing order S8A < S8 
< S11 < S8B < S97 < Al35 < S285 < F97, showing the lower affinity for the F97 sample in 
comparison to the other ones. These results are in agreement with Nassar et al.,34 and Montoya et 
al..57 This could be explained by the increased surface acidity of the nanoparticles and is in agreement 
with those reported by Nassar et al..58 and Guzmán et al.,59 who found that the n-C7 asphaltenes 
adsorption increased concomitantly with the surface increased acidity [88]. It was found that the 
Al35 has affinity for asphaltenes, possibly due to the molecular interactions between aluminol group 
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presenting lower surface area than those of S8 and S8A nanoparticles, the interaction between the 
hydroxyl links of n-C7 asphaltenes and the silanol groups on the silica surface are stronger than the 
affinity for alumina, and favors adsorption 60. As the nanoparticle is acidified, the content of silanol 
groups on its surface is increased, promoting greater adsorption.61, 62 
 
Table 1.4 Parameters estimated from the SLE model for EHO n-C7 asphaltene adsorption on 
nanoparticles. 
Sample  (mg/g)  х 10-4 (g/g) ,ads mN  (mg/g) R
2 RSME 
S8A 0.44 2.2 1172.1 0.96 6.84 
S8 0.45 2.4 963.2 0.98 4.29 
S11 0.47 3.1 563.2 0.97 5.79 
S8B 0.49 3.3 512.2 0.98 4.12 
S97 2.75 7.8 223.4 0.95 7.86 
Al35 3.39 9.0 188.6 0.99 4.99 
S285 3.64 9.4 175.6 0.95 8.43 
F97 3.66 9.3 174.3 0.96 6.78 
 
 
Figure 1.3 Adsorption isotherms of HO n-C7 asphaltenes onto nanoparticles of S8, S8A, S8B, S11, 
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Figure 1.3 shows the experimental adsorption isotherms of HO n-C7 asphaltenes onto nanoparticles 
evaluated at 298 K along with the solid-liquid-equilibrium (SLE) model.  Figure 1.3 shows that the 
HO n-C7 asphaltene adsorption isotherms follow a Type I behavior according to the International 
Union of Pure and Applied Chemistry (IUPAC) classification. Indeed, it can be clearly seen that the 
adsorptive capacity of the S8A nanoparticles is greater than that of the other nanoparticles evaluated. 
The results indicate that the adsorption ability to capture n-C7 asphaltenes by nanoparticles follows 
the order S8A > S8 > S11 > S8B > S97 > Al35 > S285 > F97, which is supported by the parameters 
values obtained from the SLE model, mainly the maximum adsorbed uptake (Table 1.5). It is noted 
that the adsorptive capacity of nanoparticles of acidic silica is greater than the rest, especially at low 
concentrations (Henry´s Region) wherein the affinity of the nanoparticles is greater than for others. 
This is confirmed by the values of the H parameter of the SLE model in increasing order S8A < S8 
< S11 < S8B < S97 < Al35 < S285 < F97, showing the lower affinity for the F97 sample in 
comparison to the other ones. 
Compared with the isotherms obtained with extra-heavy crude asphaltenes (Figure 1.2), the trend is 
similar, however, the adsorbed amount is different. Adsorption of n-C7  asphaltenes depends on many 
factors, and relevant to this work are among others, structure, and composition, the capacity of the 
sample to pack at the interface, concentration, aggregation in solution and time.63 Thus any attempt 
to account for the differences shown in Figure 1.3 would be speculative. Hence, we speculate that 
such a difference could in part be due to differences in aggregation trends. As described earlier,63 
aggregation in solution hinder the adsorption, and this would be consistent with a higher aggregation 
trend for the HO n-C7 asphaltenes. These arguments are consistent with the higher hydrodynamic 
radii found for HO n-C7 asphaltenes when compared with the EHO n-C7 asphaltenes. 
 
Table 1.5 Parameters estimated from the SLE model for HO n-C7 asphaltene adsorption on 
nanoparticles. 
Sample  (mg/g)  х 10-4 (g/g) ,ads mN  (mg/g) R
2 RSME 
S8A 0.42 1.9 672.1 0.98 4.84 
S8 0.41 2.1 573.2 0.98 5.29 
S11 0.46 2.7 295.2 0.98 4.79 
S8B 0.49 3.5 225.2 0.97 6.45 
S97 1.95 5.8 185.4 0.98 4.86 
Al35 2.89 8.1 178.6 0.99 3.19 
H K
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S285 3.24 8.4 175.6 0.95 8.43 
F97 3.29 8.1 174.3 0.96 6.78 
 
1.2.4. Asphaltene kinetic aggregation 
The affinity between nanoparticles and n-C7 asphaltenes of extra-heavy crude oil was demonstrated 
by the results of adsorption isotherms. However, the nanoparticles evaluated also must have the 
ability to reduce the mean size of asphaltene aggregates (dasp) in the fluid with the objective of 
impacting the configuration and distribution of them in the oil matrix. In heavy crude oils with 
asphaltene content above 5 wt%, the configuration of asphaltenes is generally formed by a series of 
clusters of nanoaggregates, forming a viscoelastic network of large size.43, 64 For this reason, it is 
expected for the nanoparticles to have the ability to break the attachment points within the 
viscoelastic network and greatly reduce the size of the aggregates of asphaltenes, resulting in the 
reduction of the crude oil viscosity. Figure 1.4 shows the mean aggregate size of EHO n-C7 
asphaltenes in heptol 40 in the presence and absence of nanoparticles evaluated at 298 K. In Figure 
1.4, the curve of n-C7 asphaltenes in the absence of nanoparticles initially reflects a growth in dasp as 
a function of time, followed by a reduction in this value until stabilization after approximately 300 
min. This likely occurs due to aggregation-fragmentation forces that exist under certain shear 
conditions, which in turn have a direct influence on the mean asphaltene aggregate size 
(growth/reduction).20, 63, 65 The behavior of n-C7 asphaltenes in the presence of a nanoparticle system 
is similar, but with a smaller dasp and a faster stabilization after 180 min. The evaluated nanoparticles 
were able to successfully reduce the dasp in decreasing order of effectiveness, S8A = S8 < S11 < S8B 
< S97 <  Al35 < S285 < F97. For example, after 80 minutes, the reduction in dasp is 21, 57 and 61% 
when using Al35, S8 and S8A, respectively. Hence, higher n-C7 asphaltene uptake will result in the 
decrease of the number of asphaltenes available in the solution for the aggregation-fragmentation 
process. 20, 63, 65 These results are consistent with those presented by Nassar et al., 20 who evaluated 
the reduction of the n-C7 asphaltene mean aggregate size and found out that silica nanoparticles were 
more prone to reduce it as they had greater adsorption capacity. 
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Figure 1.4 Effect of nanoparticles on the mean aggregate size of EHO n-C7 asphaltene in heptol 40 
solutions at 298 K. 
 
Figure 1.4 shows the mean aggregate size of EHO n-C7 asphaltenes in heptol 40 in the presence and 
absence of nanoparticles evaluated at 298 K.  
 
 
Figure 1.5 Effect of nanoparticles on the mean aggregate size of HO n-C7 asphaltene in heptol 40 
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In Figure 1.4, the curve of n-C7 asphaltenes in the absence of nanoparticles initially reflects a growth 
in dasp as a function of time, followed by a reduction in this value until stabilization after 
approximately 300 min. This likely occurs due to aggregation-fragmentation forces that exist under 
certain shear conditions, which in turn have a direct influence on the mean asphaltene aggregate size 
(growth/reduction).20, 63, 65 The behavior of n-C7 asphaltenes in the presence of a nanoparticle system 
is similar, but with a smaller dasp and a faster stabilization after 180 min. 
 
The nanoparticles evaluated with the aim of reducing the average size of the asphaltene aggregate 
have the same tendency for both types of crude evaluated and follow the same trend as that 
determined in adsorption isotherms. In this way, it is confirmed that the way in which the 
nanoparticle favors the disaggregation or fragmentation of asphaltene aggregate depends mainly on 
its adsorption capacity. The trend is: S8A = S8 < S11 < S8B < S97 < Al35 < S285 < F97. It can be 
inferred that the structures of the asphaltenes of both crudes are similar because it does not present 




1.4 Partial conclusions 
 
 Silica nanoparticles were successfully synthesized by the sol-gel method and. 
Obtained materials were characterized by particle size and surface area. Commercial Silica, 
Alumina and Magnetite nanoparticles were purchased and also characterized by particle size 
and surface area, the nanoparticles resulted in mean particle diameters in the nanoscale. The 
trend followed by the surface area of the nanoparticles was S8 > S8A > S11 > S8B > Al35 
> F97 > S97 > S285.  
 The trend found in the surface area of the nanoparticles is opposite to the average size of the 
nanoparticles, fulfilling the stipulated by multiple researchers who affirm that to a smaller 
size, the nanoparticle presents greater superficial area. This is true for all nanoparticles, 
except when we compare S11 with S8B, the reason the surface area of the nanoparticle S8B 
is reduced is due to the presence of NaOH on its surface, which blocks pores considerably 
reducing the surface area in comparison With the completely virgin nanoparticle (S8). 
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 Adsorption isotherms were constructed by extracting asphaltenes from two different sources 
(Ho and EHO), which were dissolved in toluene to obtain the solution models. All 
nanoparticles have the ability to adsorb asphaltenes, from highest to lowest the trend was: 
S8A > S8 > S11 > S8B > S97 > Al35 > S285 > F97, this is mainly due to the interaction 
between polar groups of the asphaltene and the silanol group of the silica nanoparticles. 
 The average size of the asphaltenes present in a solution of Heptol 40 was measured using 
DLS techniques. The ability of the nanoparticles to decrease the average size was also 
evaluated by fragmentation phenomena. The tendency was the same one presented in 
adsorption isotherms: S8A > S8 > S11 > S8B > S97 > Al35 > S285 > F97. 
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2. Reduction of the viscosity of heavy crude by 
addition of nanoparticles: Steady state rheology. 
Heavy (HO) and extra – heavy crude oils (EHO) are attractive for the oil and gas industry due to the 
existence of vast reserves. However, their main characteristics, i.e. high density and elevated 
viscosity that negatively impacts oil mobility at both reservoir and surface conditions, challenge HO 
and EHO production, transport and refining. In terms of density, HO lies in the range of 10 to 20 
°API,1-3 while EHO has a specific gravity lower than 10.1, 3, 4 Additionally, other features of these 
crude oils are a high percentage of heteroatoms, mainly N, O and S,1, 5-7 metals (features such as V, 
Ni)5 and an elevated fraction of asphaltenes.8, 9 Asphaltenes have been extensively studied,5, 10-18 
being the most polar oil fraction, with complex chemical structures with a low ratio of 
aliphatic/aromatic chains.11, 14, 19, 20 Asphaltenes possess structures containing heteroatoms that allow 
self-aggregation, initially leading to colloidal aggregates, promoting the growth of the aggregates 
and consequently increasing oil viscosity.6, 21 The increase in viscosity is mostly due to the formation 
of a viscoelastic network of interacting asphaltenes nanoaggregates.14, 22 also, sulfur can form strong 
C-S and C=S bonds, which can also contribute to an increase in the crude oil viscosity.6, 23 
Viscosity is a very important property in the treatment and management of HO and EHO, so 
improving oil mobility at reservoir or surface conditions has become a challenge for the Oil & Gas 
industry at present.24 The most commonly used techniques to improve HO and EHO mobility are 
economically and environmentally costly,25-27 including 1) dilution techniques with several (toxic) 
chemical diluents involving high volumetric consumption; this requires intensive maintenance of 
pipelines and storage systems as diluents tend to be corrosives26, 28-30 and 2) thermal techniques that 
are highly costly due to the energy consumption.27, 31-34 Mortazavi-Manesh and Shaw 35 studied the 
effect of different types of chemical compounds on rheological properties of Maya crude oil at 
different temperatures. The compounds used in their study were toluene, n-heptane and a 50/50 vol% 
mixture of toluene and butanone. The rheological evaluation was performed using steady-state 
methods at shear rates 0-200 s-1; as expected, dilution and temperature increase reduced oil viscosity. 
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These mixtures exhibit a characteristic non-Newtonian shear-thinning behavior, but with increasing 
temperature, the Newtonian behavior becomes dominant. Diluents in decreasing viscosity reduction 
effectiveness for the entire range evaluated are a mixture of toluene-butanone > toluene > n-heptane. 
Earlier, Mortazavi-Manesh and Shaw 36 characterized Maya crude oil to investigate its thixotropic 
characteristics as a function of temperature to determine the influence of time on viscosity 
measurements. The authors demonstrated that the thixotropic behavior of this oil increases as 
temperature decreases. Authors performed thixotropy measurements based on three tools widely 
used: hysteresis loops, step-wise change in shear rate and start-up experiments. The results are useful 
to optimize pipeline transport conditions, mainly in processes where pressure is required to restart 
fluid flow.  
More recently, nanotechnology has emerged as a technique able to compete economically and 
technically against conventional processes.13, 37-40 One of the appealing characteristics of 
nanoparticles is their small size and consequently their large surface area-to-volume ratio,37, 39, 41 
dispersibility,37, 39, 41 and high adsorption affinity due to their energy surface.13, 39, 41-45 Several 
researchers have demonstrated the application of nanotechnology in several areas in the Oil & Gas 
industry.13, 38, 39, 44, 46-50 Our group has pioneered the use of nanofluids for reducing the viscosity of 
HO and EHO, which has been tested in “huff-puff” pilot tests. 13, 38, 39, 51-55 These studies have 
confirmed that some nanofluids can be used to reduce the viscosity of these crude oils at surface 
conditions. These nanofluids may feature strong interactions with the asphaltenes and induce 
aggregate reduction due to their ability to adsorb them as well as other molecules present in HO and 
EHO. The latter properties can positively impact the viscoelastic network of nanoaggregates 
reducing the viscosity of these crude oils. In contrast, the specialized open literature contains no 
research work associated with HO and EHO viscosity reduction with the addition of solid particles 
of nanometric size.  
On the other hand, some of the earlier use of nano or micro-particles on fluids, except in HO and 
EHO, led to a viscosity increase.56-60 This can be explained by Einstein’s theory on hydrodynamic 
viscosity,56 which suggests that an increase in fluid viscosity should occur upon addition of solid 
particles that is directly proportional to the volume fraction of solids added. However, the proposed 
model does not fit adequately many fluids assessed, and for that reason several researchers have 
proposed modified mathematical models derived from Einstein's equation56, 61 such as Money,59 
Eilers,62 Roscoe,63 Chong,64 Maron and Pierce,65 Krieger and Dougherty.66 These models often 
represent a better approximation to the viscosity response of different types of suspensions than 
Einstein's equation.67, 68 For applications in crude oils, some authors have studied the addition of 
asphaltenes in an attempt to understand the viscosity behavior of HO and EHO, which has been 
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shown to increase drastically as the asphaltene fraction increases. Other authors have experimentally 
studied and modeled the rheological behavior of emulsions W/O.69-74 Recently, Pal and Rhodes68 
proposed a non-Newtonian shear model  based on Einstein´s theory, which has been applied to 
explain the behavior of the viscosity of several crude oils and de-asphalted oils (DAO) varying their 









is the relative viscosity,   corresponds to the volume fraction of dispersed particles, and 
o
K
 is the solvation constant, which relates to the immobilization of the continuous phase on the 
dispersed particles surface, so for spherical particles, the form factor is 2.5. As can be seen in Eq. 
(1), the value of viscosity increases when the volume fraction of dispersed particles is large. This 
study relied on adding asphaltenes to crude oils and de-asphalting oils. Luo and Gu75 developed a 
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Where V refers to the “shape factor,” varying according to the type of particle. The other parameters, 
  and o
K
, are described by Phal and Rhodes.75, 76  This model has been successfully applied to 
describe the viscosity response of crude oils (HO, EHO, and de-asphalted oil) to the addition of 
asphaltenes at different temperatures (293-333 K). The authors consider asphaltenes as semisolid 
particles, and for this reason one expects the viscosity to increase the higher the asphaltene content.11, 
14, 68, 77 Similarly, multiple authors have modeled the viscosity of heavy crude as a function of 
asphaltene content with conventional models derived from Einstein's equation.68, 70, 73-75 
To the best of our knowledge, the effect of solid nanoparticles on HO & EHO properties has not yet 
been studied, either experimental or theoretically, thus the novelty of this paper. Here we provide a 
rheological characterization of heavy and extra heavy oils containing NP´s of different chemicals 
nature, particle size, surface acidity and concentrations of nanoparticles. These results are contrasted 
with measurements in the absence of NP’s. In addition, a first mathematical approach based on Pal 
and Rhodes model for describing the viscosity reduction of crude oils containing a low concentration 
( ) of nanoparticles (  < 0.004). Our experimental and theoretical study sheds light on phenomena 
associated with the inclusion of nanoparticles in the crude oil matrix for futures applications in the 
Oil & Gas Industry.  
 




Commercial nanoparticles of fumed silica (S8, S12, and S285), magnetite (F97), γ-alumina (Al35), 
and in house synthesized nanoparticles of silica (S97, S8A, and S8B) were used as viscosity reducers 
agents. The commercial nanoparticles of fumed silica, and γ-alumina were obtained from Sigma-
Aldrich (St. Louis, MO) and commercial magnetite nanoparticles from Nanostructured & 
Amorphous Materials (Houston, TX).  
Tetraethyl orthosilicate (TEOS, > 99%), ethanol (99.9%) and NH4OH (28%) were used to synthesize 
the silica nanoparticles. All reactants employed for the synthesis were purchased from Sigma-
Aldrich (St. Louis, MO). For SiO2 nanoparticles surface modification, H2SO4 (95-97%, Merck 
KGaA, Germany) and NH4OH (28%, Sigma-Aldrich, St. Louis, MO) was used.  
Two Colombian oils were used as heavy oil (HO) and extra heavy oil (EHO). The properties of the 
selected HO and EHO are presented in Table 1.1.  
More information about materials and characterization methods are described in chapter 1.  
2.1.2 Methods  
 Evaluation of nanoparticles as viscosity reducers  
Rheological measurements were performed using a Kinexus Pro+ rotational rheometer (Malvern 
Instruments, Worcestershire - UK), equipped with a Peltier plate for temperature control, with a 20-
mm serrated plate-plate geometry at a gap of 300 µm.  To analyze the change in viscosity induced 
by the addition of nanoparticles, several conditions were evaluated, including the effect of 
concentration, particle size and the nanoparticle chemical nature. The rheological measurements 
were conducted at 298 K at a shear rate range of 1-75 s-1. Each experimental condition set was 
repeated three times. Nanoparticles were mixed with the oil by stirring at 500 rpm for 30 min at room 
temperature until homogenization with a mixer model HP130915Q from Thermo Scientific 
(Waltham, Massachusetts, USA). 
 
 Nanoparticle concentration effect. 
The S8 sample was selected to evaluate the effect of concentration on the rheological properties of 
the HO matrix. In previous works13, 39, 46, 78 we demonstrated that S8 nanoparticles had a great affinity 
for the asphaltenes and heavy compounds in oil, reducing the asphaltenes aggregates size present in 
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the HO matrix. For this reason, the addition of these particles should positively affect oil rheological 
properties, mainly by reducing the HO viscosity. The concentrations tested were 10, 100, 1000 and 
10000 mg/L.  
 
 Nanoparticle size effect. 
SiO2 nanoparticles were selected to evaluate the size effect on rheological properties. We choose a 
single nanoparticle concentration that yields the largest viscosity reduction, among all the evaluated 
cases in the previous step. The nanoparticles selected were S8, S12, S97, and S285.  
 
 Nanoparticle chemical nature effect. 
To study the effect of nanoparticles chemical nature on HO viscosity, S8, S8A, S8B, Al35, and F97 
nanoparticles were used at a fixed concentration of 1000 mg/L, which is the optimal value 
determined aforementioned concentration tests. 
 
 Temperature and high shear rate effect. 
The S8 nanoparticle at 1000 mg/L was selected to evaluate the effect of temperature on the 
rheological properties of the HO matrix. The concentration of 1000 mg/L was selected according to 
the greatest viscosity reduction from all the measurements above. The temperatures evaluated was 
298, 318, and 333 K respectively. The shear rate range of evaluation was 0 – 500 s-1. 
 
 Effect of oil chemical nature. 
Two crude matrices were evaluated, i.e. HO and EHO. The type of nanoparticle and their 
concentration in these tests was selected according to the greatest viscosity reduction from all the 
aforementioned measurements.  
 
2.2 Modeling 
2.2.1 Pal and rhodes modified model  
 
The model proposed by Pal and Rhodes 67, 75 allows one to calculate the viscosity of HO suspensions 
where asphaltene aggregates are considered semi-solid particles or colloids embedded in the matrix 
of the HO. In multiple works proposed by several researchers,62, 68-70, 73, 74, 79 the model is applied to 
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heavy crudes with different contents of asphaltenes. The viscosity is found to increase concomitantly 
with the increase in asphaltene content clearly, and the model fits the experimental data well. 
However, in our particular case, when oil is in the presence of nanoparticles at low concentration, 
the viscosity decreases significantly. The nanoparticles are purported to interact with the asphaltenes 
aggregates, reducing their average size by reducing the interaction energy between the nanoparticles 
and asphaltenes, consequently changing the asphaltene colloidal structure. This, in turn, redistributes 
and generates a decrease in viscosity.78, 80 Therefore, a disaggregation phenomenon is happening 
instead of an asphaltenes aggregation process.78 
Based on the observed viscosity behavior of the HO and EHO, the Pal and Rhodes model is 
modified.75, 76 Our approach was validated using the experimental rheological results varying the S8 
nanoparticles concentration (0, 10, 100, and 1000 mg/L). These values are equivalent to volume 
fractions of 0, 3.7 x 10-6, 3.7 x 10-5, and 3.7 x 10-4, correspondingly, which were estimated using a 
theoretical density for SiO2 = 2.65 gr/cm3. Therefore, it is possible to obtain a mathematical 
approach that matches what is obtained in the laboratory for a fixed shear rate (  ). The proposed 















 is the solvation constant, which relates to the immobilization of the 
continuous phase on the dispersed particles surface, so for spherical particles, the form factor is 2.5 
and V is the “shape factor” of dispersed particles. The goodness of fit of the proposed model was 














   








are the observed and calculated values of 
viscosity, respectively.  
 
 
Chapter 2 53 
 
2.3 Results 
A group of several nanoparticles was evaluated, and for this reason, the concentration effect of 
nanoparticles was first tested, then the best-performing one was selected to evaluate the effect of 
particle size. Posteriorly, the chemical nature of nanoparticle and heavy oil effect were evaluated by 
testing two types of crude oils. 
2.3.1 Nanoparticle concentration effect 
Figure 2.1 shows the experimental rheological measurement of HO matrix in the presence of S8 
nanoparticles at concentrations of 10, 100, 1000, and 10000 mg/L. It is observed that by increasing 
the concentration of nanoparticles in the medium, the viscosity tends to decrease. This occurs up to 
the optimal concentration of 1000 mg/L is reached. For a concentration of 10,000 mg/L the viscosity 
reduction still occurs, though smaller compared to the optimal concentration. This might be possibly 
due to an increase in the packing factor of the particles, which can cause nanoparticles aggregation, 
as such reduces the energy of interactions among asphaltenes aggregates present in the fluid. 
 
 
Figure 2.1 Viscosity of heavy oil in the presence of SiO2 nanoparticles at different concentrations 
at 298 K and shear rate between 0 and 75 s-1. 
 
 

































   (6) 
where, HO and np  are the crude oil before and the after-nanoparticle-inclusion viscosity values, 
measured at shear rates between 0 and 75 s-1, respectively.  
In Figure 2.2 the DVR% for S8 nanoparticles at 10, 100, 1000 and 10000 mg/L for different shear 
rates (0 -75 s-1) are shown. The values of DVR show that the optimal concentration at which the 
greatest change in viscosity occurs is 1000 mg/L for all shear rates. The lowest concentration tested 
(10 mg/L) generates average reductions in viscosity of roughly 3%. The increasing shear rate slightly 
decreases the DVR benefit, which is mainly due to a change in the internal structure of the fluid 8, 36 
that causes a decrease in viscosity. For this reason, the oil viscosity without nanoparticles is lower 
at high shear rates than low shear rates, and although the nanoparticles have an effect on any shear 
rate, its performance is slightly lower.  
 
Figure 2.2 The degree of viscosity reduction of HO matrix on silica nanoparticles of different sizes 
presence, at 298 K and shear rate between 0-75 s-1. 
 
The modified Pal and Rhodes model were used to evaluating the experimental data for fixed shear 
rates. In Figure 2.3, the evaluation of model is presented for a fixed shear rate of 6 s-1 for all volume 
fractions. The modified Pal and Rhodes model have an acceptable fit to the experimental data at the 
shear rates evaluated. As the concentration of nanoparticles in the fluid increases, the relative 
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point, that is a volume fraction of 3.7 X 10-4, and can benefit from an interesting mathematical 
approach that can explain the phenomena. 
 
Figure 2.3 Modified Pal and Rhodes model evaluation for S8 nanoparticles at different volume 
fractions, at 298 K and shear rate 6 s-1 
 
 
The mathematical model developed here readily explains the beneficial effect of nanoparticles. In 
Figure 2.4, the K  andV  parameters are shown for all shear rates evaluated.  The values of parameters 
are presented in Table 2.1. The model fits well, as evidenced by the RSME% value less than 10%. 
The solvation constant (K) decreases as the shear rate increases, due to an increase in the fluidity of 
crude oil as its rheological behavior is pseudo-plastic or shear thinning.36, 82 The shape factor V  
depends significantly on the geometric shape of asphaltene-nanoparticle. Asphaltenes aggregate onto 
nanoparticles10, 11, 80 modifying the nanoparticles apparent geometry and as the shear rate increases, 
the V  parameter follows to slightly increased trend; this is due to the alteration of the geometry of 
















Figure 2.4 a) K  and b) V  parameters of Pal and Rhodes modified model for S8 nanoparticles at 
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Table 2.1 Parameters of Pal and Rhodes modified model for S8 nanoparticles at different volume 







 RSME (%) 
4.0 4.02 0.143 0.96 8.05 
6.2 3.80 0.145 0.98 6.08 
8.6 3.31 0.150 0.97 7.32 
13.0 2.82 0.152 0.97 8.55 
17.6 2.46 0.160 0.97 8.84 
23.4 2.28 0.163 0.95 9.49 
28.4 2.20 0.166 0.97 8.36 
43.6 2.35 0.162 0.97 8.12 
47.8 2.18 0.168 0.97 7.59 
54.0 2.07 0.173 0.96 8.50 
 
2.3.2 Nanoparticle size effect 
Figure 2.5 shows the experimental rheological measurements of HO in the presence of SiO2 
nanoparticles with different sizes at 1000 mg/L. For this section, four nanoparticles of different sizes 
ranging from 8 to 285 nm were evaluated. The viscosity reduction in the HO matrix increases as 
nanoparticle size decreases. At a fixed concentration or lower than that, there is a larger number of 
individual nanoparticles interacting with asphaltene aggregates, which increases the contact area and 
tends to further fragmentation of these heavy hydrocarbons. Consequently,  the viscosity change 
may be generated by an internal redistribution with smaller aggregates.78  
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Figure 2.5 Viscosity of heavy oil in absence and presence of  SiO2 nanoparticles of different sizes 
at 1000 mg/L, 298 K and shear rate between 0 and 75 s-1. 
 
 
In Figure 2.6, the DVR% for S8, S12, S97 and S285 nanoparticles at different shear rates in the 0 -
75 s-1 range is shown. As the shear rates increases, the degree of viscosity reduction is lowered due 
to a partial breakdown of the internal structure.9, 36, 83, 84 Despite the latter, the nanoparticles remain 
effective. 
The S8 nanoparticle is the best-performing system among cases evaluated, allowing viscosity 
reductions of 42-55%. The S285 sample is the one with the lowest DVR; nevertheless, it has an 
acceptable performance with reductions in viscosity between 30 and 40%. As per our results, all 
evaluated nanoparticles produce a decrease in fluid viscosity at all shear rates. As the particle size 
increases, a decrease in performance is noticed. From 8 to 12 nm, the difference is very small, but 



























Figure 2.6 The degree of viscosity reduction of heavy oil in the presence of SiO2 nanoparticles of 
different sizes at 1000 mg/L, 298 K and shear rate between 0 and 75 s-1. 
 
2.3.3 Nanoparticle chemical nature effect. 
Figure 2.7 shows the experimental rheological measurements of HO in the presence of SiO2 
nanoparticles with different acidic-basic surfaces, Al2O3, and Fe3O4 nanoparticles at 1000 mg/L. For 
this reason, S8, S8A, S8B, Al35, and F97 were mixed in an HO matrix interacting with the heavy 
compounds of crude oil affecting their colloidal state.78, 80 It is worth mentioning that asphaltenes 
have been proposed to exhibit a colloidal behavior with the ability to self-associate.78, 80 By 
increasing asphaltene concentration in the heavy oil, aggregate size also increases, and when the 
concentration reaches the asphaltene critical micelle concentration (CMC), i.e. the concentration at 
which micelles large aggregates that directly  impact viscosity form, increasing its value 
dramatically,11, 85, 86 the viscosity is expected to increase significantly.9, 14, 75, 80, 87 However, the self-
association of asphaltenes can be inhibited to different degrees depending on the nanoparticles 
chemical nature.78, 88 Our results indicate that all samples exhibit a viscosity reduction. The ability 
to reduce viscosity follows the order S8 > Al35 ≈ F35 > S8A > S8B. The attraction forces between 
the nanoparticles and asphaltenes are higher for S8, happening due to the formation of silanol groups 
(SiOH), but also because of the surface area (SBET) that is the highest value of all nanoparticles 
evaluated. For that reason, the greatest contact area and more active centers for interacting with the 
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similar behavior and the surface area (SBet) has similar values; the interaction forces respond to the 
chemical interaction with the heteroatoms of asphaltene aggregates.78 For S8A and S8B 
nanoparticles, the surface acid modification affects the interaction forces; this depends on the 
quantity of basic and acid centers of asphaltenes, and for this case, it has a better impact on a 
nanoparticle neutral surface.  On previous works the affinity of the nanoparticles evaluated produced 
a fragmentation of the asphaltenes aggregates78 affecting their colloidal structure and the internal 




Figure 2.7 Viscosity of heavy oil in absence and presence of S8, S8A, S8B, Al35 and F97 
nanoparticles at 1000 mg/L, 298 K and shear rate between 0 and 75 s-1. 
 
According to the results, the S8 nanoparticle has the best performance on the HO viscosity reduction. 
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Figure 2.8 The degree of viscosity reduction of heavy oil in the presence of nanoparticles of 
different chemical nature at 1000 mg/L, 298 K and shear rate between 0 and 75 s-1. 
 
2.3.4 Temperature and high share rate effect. 
 
The S8 nanoparticles at 1000mg/L exhibit the best performance. Therefore, we selected this 
nanoparticle to evaluate three different temperatures at high shear rates. The temperatures evaluated 
were 298, 318, and 333 K respectively, for shear rates between 0 and 500 s-1. In Figure 2.9 shows 
the rheological responses for heavy oil matrix in the presence or absence of S8 nanoparticles at 298, 
318 and 333 K, and at shear rates between 0 - 500 s-1. The assessed concentration is 1000 mg/L, 
which is the value that has greater viscosity reduction previous evaluations concentration effect, as 



























Figure 2.9 Rheological behavior of heavy oil in the presence of 1000 mg/L of S8 nanoparticles or 
their absence at a) 298 K, b) 318 K, and c) 333 K and the d) degree of viscosity reduction at shear 
rates between 0 and 500 s-1. 
 
At 298 K the fluid presents a pseudo-plastic type shear thinning behavior typical of these fluids 8, 35, 
89. This behavior wherein the viscosity decreases as shear rate increases are on notably due to the 
presence of asphaltenes and its tendency to self-aggregate 90, 91, for that reason as the stirring 
conditions increase, the internal structure is reorganized, producing that the viscosity decreases with 
increasing shear rate. With increasing temperature, the fluid exhibits a behavior close to a Newtonian 
fluid. These results are similar to those previously published by Shaw’s research group 35, 36, namely 
that as the temperature increases the oil transitions from a non-Newtonian behavior to Newtonian 
one. This behavior can be noticed at high shear rates (> 300 s-1) wherein the viscosity becomes 
constant. 
In all scenarios evaluated, S8 nanoparticles produce heavy oil viscosity reduction. The best 
performance occurs when the temperature increases, with viscosity reduction of roughly 60%. By 
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dispersion of nanoparticles into the medium, since the liquid provides less resistance to movement 
of the solid particles. As the dispersion of the particles increases, the interactions between the heavy 
components of crude and nanoparticles is increased, favoring the viscosity reduction. This situation 
suggests that there is a synergistic effect between the inclusion of nanoparticles and temperature, 
which improves the viscosity reduction is controlled by adsorption of asphaltenes onto the 
nanoparticles and the diffusion of asphaltenes increased through the liquid medium 92.  
If we consider that in the production process and transport, heavy oil is subjected to different 
conditions of temperature and agitation; one may consider adding nanoparticles as a promising 
technique to optimize the conditions for mobility of heavy oil by reducing its viscosity. 
 
2.3.5 Heavy crude oil effect. 
 
The S8 nanoparticles exhibit the best performance and therefore, we selected this nanoparticle to 
evaluate two different heavy crude oils. The first one is HO with 13°API, and the second is EHO 
with 6.4°API. Figure 2.10 depicts the rheological measurements for HO and EHO mixed with S8 
nanoparticles at 1000 mg/L and 298 K. The rheograms reflect non-Newtonian behavior for these 
fluids. They may be characterized as pseudo-plastic fluids or shear thinning behavior. As expected, 
the EHO exhibits viscosity values much higher than the HO at all shear rates. This is due mainly to 
a high content of asphaltenes and a substantial decline in the API gravity. Equally, S8 nanoparticles 
are also effective to lower viscosity in this kind of fluids, suggesting that nanoparticles have similar 
behavior in both crude oils, interacting with asphaltene aggregates, altering their colloidal structure 
and generating a significant reduction in viscosity. 
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Figure 2.10 Viscosity of heavy oil and extra heavy oil in absence and presence of S8 nanoparticles 
at 1000 mg/L, 298 K and shear rate between 0 and 75 s-1. 
 
Figure 2.11 shows the DVR for HO and EHO in the presence of S8 nanoparticles at different shear 
rates (0-75 s-1). The S8 nanoparticles produce viscosity reduction in both heavy and extra heavy 
crude oils and at all shear rates. The performance of the nanoparticles is greater at high shear rates, 
which is mainly due to a decrease in the viscosity of the oil without nanoparticles, typical of non-
Newtonian fluids. The heavy oil intrinsic viscosity with and without NP's is reduced with the increase 
in shear rate. For this reason, the DVR decreases with increasing shear rate. The effectiveness of the 
S8 nanoparticles is higher in heavy oil than in extra heavy oil, caused by dispersion effects, as it is 
easier to disperse solid particles in a lower viscosity fluid. However, a reduction of more than 30% 
for extra-heavy crude oils with the addition of solid particles is significant and relevant for 
commercial applications. It is worth mentioning that a higher DVR can be obtained when a carrier 
fluid is added to the system, allowing a better diffusion of the nanoparticles trough the oil matrix. In 
our previous publication entitled "Effect of nanoparticles/nanofluids on the rheology of heavy crude 
oil and its mobility on porous media at reservoir conditions" 93we have evaluated the use of 
nanoparticles of silica immersed in a flowing fluid. This publication explains how to prepare the 
fluid so that the particles are completely stable in the medium, and it was shown that the viscosity 
reduction is best obtained mainly by 2 factors: 1- The entraining fluid has effects as a diluent and 
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distributed throughout the matrix of heavy crude and thus present a higher performance compared 
to when they are added solidly. 
 
 
Figure 2.11 The degree of viscosity reduction of HO and EHO matrix on S8 nanoparticles, at 298 
K and shear rate between 0-75 s-1. 
 
 
2.3.6 Relationship between asphaltene sorption capacity 
and viscosity reduction. 
 
To determine the relationship between the adsorption capacity of the nanoparticles by the asphaltenes 
present in the crude oil and the performance as viscosity reducing agents, we proceeded to obtain an 
empirical correlation that can give an idea or an approximation of the degree of reduction of 
Viscosity that the particles may have. 
 
It is difficult to compare the performance of a nanoparticle in a model solution of asphaltenes in 
toluene with the interaction of the nanoparticles in the heavy crude. 
However, the phenomenon that produces the reduction of viscosity is the capture of asphaltenes, and 
this can be clarified by making model solutions of asphaltenes in toluene. Possibly, that nanoparticle 
that presents greater sportive capacity of asphaltenes in a solution model, also has the capacity to 
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In order to establish the relationship between the asphaltene adsorption capacity and the viscosity 
reduction capacity, the adsorbed quantity points were taken at an equilibrium concentration of 1000 
mg/L of asphaltenes on toluene, for multiple nanoparticles of different chemical nature and tested 
with their performance as viscosity reducing agents (degree of DVR viscosity reduction) at the same 
concentration of nanoparticles used in the heavy crude matrix 1000 mg/L. 
 
Figure 2.12 shows the relationship between the adsorptive capacity of asphaltenes and the DVR for 
several nanoparticles at 25 ° C and a fixed cut-off rate of 5 s-1. This value was selected because it 
exhibits the greatest change in viscosity. 
 
 
Figure 2.12 The relationship between the degree of viscosity reduction of HO nanoparticles, 
against the asphaltene uptake capacity, at 298 K. 
 
Figure 2.12 shows a logarithmic trend between the values of adsorbed quantity and degree of 
reduction of viscosity. The nanoparticles with the highest degree of viscosity reduction are those 
with the highest adsorptive capacity in the model solutions of asphaltenes in toluene, the white circle 
refers to the nanoparticle S8, the red circle refers to the nanoparticle S8A, the blue circle to the S8B 
nanoparticle, the triangle and the square refer to the Al35 alumina and the F97 magnetite 
respectively. 
 
In this way it is possible to establish a first approximation that allows to relate both parameters, and 
to facilitate the knowledge of the impact that the use of a nanoparticle would have on the rheological 
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conditions of heavy crude, simply realizing the construction of adsorption isotherms by any available 
method. 
2.4 Partial conclusions 
 The addition of nanoparticles of different chemical natures to heavy and extra heavy oil 
produces a viscosity reduction at low particle concentration contrary to expectations based 
on the behavior described through Einstein's theory on hydrodynamic viscosity.  
 In this study, an experimental rheological evaluation of heavy and extra heavy oil was 
conducted. Al2O3, Fe3O4, and SiO2 nanoparticles were evaluated, including particle sizes and 
degrees of surface acidity effects. SiO2 nanoparticles with 8 nm in size at 1000 mg/L yield 
the best performance as viscosity-reducing agents. 
 As the particle size increases, the effect on reduction of viscosity decreases, which could be 
mainly due to the increased packing factor, generating interaction and possible aggregation 
between particles, hampering interactions between them and the asphaltenes aggregates 
present in crude oil.  
 Subsequently, the first mathematical approach to calculating the viscosity as a function of 
the concentration of nanoparticles is presented, expressed as a function of volume fraction 
based on a modification to the model Pal and Rhodes for suspensions viscosity. The model 
fits the experimental data well, for volume fractions between 0 and 3.7 x 10-4. The solvation 
constant K and the form factor V follow a trend as a function of the shear rates evaluated 
and are consistent with the oil shear-thinning behavior. 
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3. Changes in the internal structure of crude oil by 
the addition of nanoparticles: Dynamic 
Rheology. 
Since heavy and extra-heavy oils are highly viscous, the study of their rheology is vital for 
understanding and optimizing their production and transport. Rheology is part of the physics of 
continuum media that studies the deformation and flow of matter,1, 2 and as such, it is essential for 
understanding the behavior of fluids in motion. Steady-state and dynamic oscillometry serve as 
rheological tools to analyze the viscoelastic behavior of heavy crude oils, which directly relates to 
the fluid internal composition and structure. Thus, multiple researchers3-10 have used both the steady-
state and transient rheology to characterize heavy and extra-heavy crude oils subjected to a variety 
of conditions with the objective of optimizing their mobility and transportation. One of the most 
commonly used techniques for reducing HO and EHO viscosities and hence increase oil production 
rate has been the dilution with solvents, light hydrocarbons,11-16 and some R=O bounds-based 
chemical compounds.17 In this way, several authors have focused on studying diluted HO and EHO 
with different solvents17-20  often evaluating the rheology behavior of the fluid mixture.4, 5, 18  
Recently, Mortazavi-Manesh and Shaw21 studied the effect of different types of chemical compounds 
on the rheological properties of Maya crude oil at different temperatures. The compounds used in 
their study were toluene, n-heptane and a 50/50 vol% mixture of toluene and butanone. The 
rheological evaluation was performed using steady-state methods at share rates 0-200 s-1; as 
expected, dilution and temperature increase reduced oil viscosity. These mixtures exhibit a 
characteristic non-Newtonian shear-thinning behavior, but with increasing temperature, the 
Newtonian behavior becomes dominant. Solvents in decreasing viscosity reduction effectiveness for 
the entire range evaluated are a mixture of toluene-butanone > toluene > n-heptane. Earlier, 
Mortazavi-Manesh and Shaw22 characterized Maya crude oil to investigate its thixotropic 
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characteristics as a function of temperature to determine the influence of time on viscosity 
measurements. The authors demonstrated that the thixotropic behavior of this oil increases as 
temperature decreases. Authors performed thixotropy measurements based on three tools widely 
used: hysteresis loops, step-wise change in shear rate and start-up experiments. The results are useful 
to optimize pipeline transport conditions, mainly in processes where pressure is required to restart 
fluid flow. Pierre et al.4 evaluated the effect of asphaltenes on the viscosity of a Venezuelan heavy 
crude oil. First, they determined the influence of asphaltenes and resins on oil viscosity by extraction 
with n-pentane and n-nonane and the subsequent dissolution in xylene. For all experiments, the 
authors demonstrated that with increments of the asphaltene content, the viscosity increases 
significantly. Additionally, the authors characterized the heavy oil using a dynamic oscillometric 
method and examined the influence of asphaltenes on the crude oil viscoelastic behavior. The results 
showed the presence of an internal network of colloids formed by asphaltenes. Behzadfar and 
Hatzikiriakos23 studied the viscoelastic properties of bitumen from the Athabasca oil sands by 
oscillometry at different temperatures; also, they proposed a constitutive equation based on the K-
BKZ model, widely used in the rheology of polymer melts. The results indicate that the constitutive 
equation predicts reasonably well the linear viscoelastic response of the bitumen, for the range of 
temperatures evaluated. To describe the rheological behavior one should obtain the parameters to 
feed the K-BKZ equation, and for this reason, the authors used the generalized Maxwell model that 
fits the linear response of the bitumen in the dynamic flow corresponding to the small amplitude 
shear oscillator. Abivin and Taylor24 studied the viscoelastic behavior of 13 different heavy crude 
oils from Asia and America, in a temperature range between -50 and 50 °C. The article presents 
comparative results of the viscoelastic properties such as phase angle, viscoelastic moduli and 
relaxation times, among crude oils with similar rheological behavior (Newtonian and non-
Newtonian). The authors concluded that for some crude oils, the viscoelastic nature related to the 
presence of waxy paraffinic crystals. However, for another group of crude oils, the viscoelastic 
behavior related to the high content of asphaltenes, present in a high percentage, which produces a 
macroscopic behavior similar to a weak gel, due to the auto-associative tendency of asphaltenes to 
create an elastic network in the oil. 
Recently, nanotechnology has been shown to enable viscosity reduction of heavy oil in experiments 
where nanoparticles were incorporated into the oil. These particles interact with the heavier fractions 
of the fluid and thereby alter the viscoelastic components of heavy crude oil. Due to their exceptional 
characteristics, such as small particle size (1-100 nm), large available surface area, high dispersibility 
and tunable physicochemical characteristics, nanoparticles are prone to selectively adsorb 
asphaltenes and inhibit their self-association.25-27 Our research group has pioneered this novel topic 
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of research26, 28, 29 and has demonstrated the ability of nanoparticles to reduce viscosity and increase 
the mobility of heavy oil at reservoir conditions as tested at both laboratory30 and field scales.31 It 
has been observed that SiO2 nanoparticles are able to reduce the viscosity of heavy oil to a greater 
degree than other nanomaterials, which has been mainly attributed to high adsorptive capacities of 
asphaltenes that lead to the reduction of its mean aggregate size and consequently to the perturbation 
of the viscoelastic network formed.30 Also, results of coreflooding tests at reservoir conditions 
showed that SiO2 nanoparticles are able to increase heavy-oil mobility and therefore oil recovery.30  
When evaluated in the field,31 its was found that by forcing an average amount of 175 bbl of 
nanofluid within a radius of penetration of ~3 ft, the oil rate can be increased approximately 56 and 
63% for an HO and an EHO with API gravities of 12° and 8°, respectively. However, the 
phenomenon of viscosity reduction due to the presence of nanoparticles is not fully understood at 
present. Therefore, it is necessary to deepen our understanding of the mechanism involved, so that 
we can phenomenologically better explain the behavior arising from the interaction of the 
nanoparticles and the molecules in the oil matrix, which impacts the rheology and show a deviation 
of Einstein´s model 32 for viscosity.  
To the best of our knowledge, there are no published reports in the specialized literature on the 
dynamic rheological response that explains the behavior as it relates to the interaction of 
nanoparticles and heavy oils.  For this reason, this work seeks to determine changes in the internal 
structure of heavy oil in the presence of nanoparticles through: i) viscometric measurements at steady 
state using different dosages of nanoparticles, temperature and shear rates; and ii) dynamic 
oscillometric measurements at different temperatures, strain, and angular frequencies. The results of 
this research provide a phenomenological explanation for the viscosity reduction of heavy oil by the 
addition of solid nanoparticles, towards industrial applications to optimize the conditions of mobility 
and transport and thus provide a path for new technologies that produce savings economic, energy 




n-Heptane (99%, Sigma-Aldrich, St. Louis, MO) was used as received for n-C7 asphaltene isolation 
and for the preparation of de-asphalted oil (DAO) and reconstituted oil. Two Colombian oils were 
used as HO and light oil crudes (LO). HO was used for the rheological tests and as a source of 
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asphaltenes. n-C7 asphaltenes were extracted following a standard procedure as described in 
previous works 26, 33, 34. The properties of the selected HO and LO are presented in Table 3.1. The 
commercial SiO2 nanoparticles of 8 nm (S8) were obtained from Sigma-Aldrich (St. Louis, MO). 
The mean particle size of the nanoparticles (dp) was measured using the dynamic light scattering 
(DLS) technique, with a nanoplus-3 from Micromeritics (Norcross, ATL) set at 298 K and equipped 
with a 0.9 mL glass cell.28 The BET surface areas (SBET) of the nanoparticle compounds were 
measured through nitrogen physisorption at 77 K using an Autosorb-1 from Quantacrome after 
outgassing samples overnight at 413 K under high vacuum (10-6 mbar). The SBET of SiO2 is 389 
m2/g.  
To obtain the de-asphalted oil (DAO), a mixture with n-heptane and HO with a mass ratio 40:1 ratio 
was prepared. The mixture was stirred at 300 rpm for 24 h at 373 K using airtight vials, and every 
15 minutes the mixture was sonicated for 1 minute to disperse the particles of precipitated 
asphaltenes. At this point, asphaltene precipitation was achieved, and the asphaltenes were separated 
from DAO through filtration with an 8 μm Whatman filter paper. At the end of the process, the n-
heptane used is separated from the DAO by heating the mixture at 340 K until the weight reaches 
the weight of crude oil minus the weight of the extracted asphaltenes. The reconstituted crude is 
obtained by adding the 10 wt% of n-C7 asphaltenes to DAO. The mixture is carried out by stirring 
at 300 rpm for 45 minutes.35 
 















11.2 1.95 x 105 12.79 30.39 40.09 16.73 
Light Oil 
(LO) 42.0 2.1  
63.71 16.51 19.01 0.77 
 
More information about materials and characterization methods are described in chapter 1.  
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3.1.2 Methods  
 Rheologic measurements 
Steady-state and dynamic rheological measurements were performed using a Kinexus Pro+ 
rotational rheometer (Malvern Instruments, Worcestershire - UK), equipped with a Peltier plate for 
temperature control, with a 20-mm plate-plate geometry at a gap of 300 μm.  To analyze the change 
in viscosity induced by the addition of nanoparticles, several conditions were evaluated, including 
the effects of concentration and temperature. For the HO matrix, the concentration values tested were 
100, 1000, and 10000 mg/L. In the LO matrix, concentrations of 10, 100, 1000 and 5000 mg/L SiO2 
nanoparticles were also tested.30 The rheological measurements were conducted at 288, 298, and 313 
K in a shear rate range 1-100 s-1. Each experimental condition set was repeated three times. 
Nanoparticles were mixed with the oil by stirring at 500 rpm during 30 min until homogenization 30. 
Additionally,  yield stress measurements of HO and HO with 1000 mg/L SiO2 nanoparticles were 
performed leading to a shear stress between 0 and 50 Pa at 298 K.7, 36, 37 The accuracy of the 
rheological measurements is approximately ± 1%.21, 22, 30, 38 
 
 Dynamic oscillometry: amplitude sweep and frequency sweep tests.   
First, the linear viscoelastic region was determined through a strain-sweep test. Viscoelastic moduli 
measurements of HO and HO with 1000 mg/L SiO2 nanoparticles were performed using an 
oscillatory amplitude test varying the percentage of strain (γ) between 0.1 and 100% at a fixed 
frequency (ω) of 10 rad/s. Dynamic rheological tests were then conducted at strain value (2%) that 
yielded a significant dynamic torque within the linear viscoelastic region.4, 23, 39-41 Oscillatory 
frequency tests were carried out in frequency range between 0.1 and 100 rad/s at 298 K  
Rheological measurements were performed using a Kinexus Pro+ rotational rheometer (Malvern 
Instruments, Worcestershire - UK), equipped with a Peltier plate for temperature control, with a 20-
mm serrated plate-plate geometry at a gap of 300 μm.  To analyze the change in viscosity induced 
by the addition of nanoparticles, several conditions were evaluated, including the effect of 
concentration, particle size, and the nanoparticle chemical nature. The rheological measurements 
were conducted at 298 K at a shear rate range of 1-75 s-1. Each experimental condition set was 
repeated three times. Nanoparticles were mixed with the oil by stirring at 500 rpm for 30 min at room 
temperature until homogenization with a mixer model HP130915Q from Thermo Scientific 
(Waltham, Massachusetts, USA). 




Our previous chapter, we have shown that SiO2 nanoparticles with mean particle size of 8 nm have 
the ability to adsorb heavy oil components such as asphaltenes and resins on their surface.42 These 
results showed how nanoparticles could reduce the asphaltenes aggregates and may positively affect 
rheological properties of the oil, reducing its viscosity. For this reason, these particles were selected 
to evaluate their performance as modifying agents of the internal structure producing oil viscosity 
reductions in HO. The results are divided into two parts: i) rheology studies at steady state in the 
presence and absence of nanoparticles at three temperature values and ii) dynamic oscillometry of 
HO in the presence and absence of nanoparticles at three temperature values. 
A group of several nanoparticles was evaluated, and for this reason, the concentration effect of 
nanoparticles was first tested, then the best-performing one was selected to evaluate the effect of 
particle size. Posteriorly, the chemical nature of nanoparticle and heavy oil effect were evaluated by 
testing two types of crude oils. 
3.2.1 Steady state measurements of heavy crude oil 
 SiO2 nanoparticles concentration effect. 
 
Figure 3.1 shows the rheological measurements at steady state for HO containing nanoparticles at 
concentrations of 0, 100, 1000 and 10000 mg/L and shear rates between 0 100 s-1 at 298 K. The 
shape of the curves reflect a non-Newtonian shear thinning behavior, i.e., oil viscosity decreases 
with increasing shear rate, typical of this class of fluids; similar results were found by Mortazavi-
Manesh and Shaw,21, 22 Bazyleva et al.,39 Mozaffari et al.,38 Tao and Xu,43 and Taborda et al.30 The 
addition of nanoparticles produces viscosity reduction at all shear rates evaluated in the following 
order 1000 > 100 > 10000 mg/L. The results are in line with those found in our previous 
publication,30 where the interaction between nanoparticles of different chemical nature and 
asphaltenes present in HO is demonstrated. It is worth recalling that asphaltenes represent the most 
polar fraction of crude oil, and due to their ability to self-associate they lead to the formation of large 
aggregates and the structuring of a viscoelastic network in the presence of resins, which is believed 
to be responsible for the high viscosity of HO.44-46  
 




Figure 3.1 Heavy oil viscosity as a function of shear rate of in the presence or absence of SiO2 
nanoparticles for concentrations of 100, 1000 and 10000 mg/L at 298 K. 
 
The largest drop in viscosity obtained for heavy oil corresponds to a nanoparticle concentration of 
1000 mg/L. This concentration value was selected for all additional dynamic rheometric 
measurements. 
 
 Effect of temperature  
The temperature value at which any fluid is in the liquid state plays a key role in processes involving 
fluid motion.20, 47, 48 In the case of heavy crude oils, it is necessary to study the impact of SiO2 
nanoparticles as reducing agents of HO viscosity at different conditions of temperature and high 
agitation, either through increased turbulence generated by pumping equipment for transportation in 
surface or pumping from the downhole, or due to the constant injection of nanofluids into the 
reservoir. In this order, the degree of viscosity reduction (DVR) after nanoparticles inclusion is 
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where, HO and np  are the crude oil viscosity values before and the after nanoparticles were added, 
measured at shear rates between 0 and 100 s-1, respectively.  
Figures 3.2 a-d depict the effect of nanoparticles in reducing the viscosity of heavy oil at a) 288 K, 
b) 298 K and c) 313 K along with d) the degree of viscosity reduction. For the three temperatures 
tested, viscosity reduction is obtained after the addition of 1000 mg/L of SiO2 nanoparticles. As 
expected, as the temperature increases, the viscosity decreases considerably, and results are in 
agreement with those found previously.7, 8, 22, 24 In addition, for all samples, a shear thinning behavior 
is observed as viscosity decreases at higher values of shear rate. By adding nanoparticles to HO, a 
decrease in viscosity is observed, but this does not alter the non-Newtonian character of the fluid 
under the conditions evaluated, i.e., the fluid shows a continuous pseudo-plastic behavior. 
Figure 2d shows the degree of viscosity reduction calculated for the three temperatures tested. The 
values of DVR show that the best performance of nanoparticles at which the greatest change in 
viscosity occurs is at 288 K with and DVR average of 45%. At the highest temperature tested (313 
K), the average viscosity reduction is roughly 12%. This happens as a result of natural changes in 
the reference values (the viscosity of heavy crude without nanoparticles), as the DVR is calculated 
as a percentage, it is expected that at a lower temperature, the viscosity change is greater compared 
to generated at higher temperatures. The increasing shear rate slightly decreases the DVR benefit, 
which is mainly due to a change in the internal structure of the fluid7, 22 that causes a decrease in 
viscosity. For this reason, the oil viscosity without nanoparticles is lower at high rather than at low 
shear rates, although the nanoparticles have an effect on any shear rate, its performance is slightly 
lower at higher shear rates. 
 
It is worth noting the importance of using nanoparticles as viscosity reducing agents of heavy crude 
oil under operating processes involving temperature changes, as shown in the results.  
If the nanoparticles decrease the viscosity of heavy oil, they may alter the yield stress, as such yield 
stress measurement was performed on HO with and without nanoparticles, and the results are 
presented next. 
 






Figure 3.2 Rheological behavior of heavy oil in the presence of 1000 mg/L of SiO2 nanoparticles 
or their absence at a) 288 K, b) 298 K, and c) 313 K and the d) degree of viscosity reduction at 
shear rates between 0 and 100 s-1.  
 
 Yield stress measurement. 
Usually, pseudoplastic fluids exhibit a non-negligible yield stress, which in practical terms is the 
minimum stress value required for the fluid flow to occur.36, 49 Figure 3.3 shows the yield stress of 
heavy oil in the presence or absence of 1000 mg/L of nanoparticles for shear stress between 0 and 
50 Pa and at 298 K. At low shear stress, the fluid exhibits a very high viscosity, which is strictly 
connected to the aggregation state of asphaltenes and the formation of a three-dimensional network 
composed of clusters.7, 49 The yield stress for the fluid without nanoparticles has a value of 0.8 Pa, 
where it reaches its maximum value of viscosity around of 1.1 х 1010 cP. Ghannam et al.7 report 
similar results. Meanwhile, by adding 1000 mg/L SiO2 nanoparticles, the yield stress decreased to a 
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connection between the internal viscoelastic network and the steady-state response observed for HO 
with or without particles. As shown, nanoparticles simultaneously reduced both viscosity and yield 
stress, in excess of 50% by addition of nanoparticles, which translates in practical terms into a 
required stress to start HO flow that is half the value needed for heavy crude oil without 
nanoparticles. Industrially, it is possible to decrease the pumping power requirements twofold, which 
would generate energy and cost savings of great importance, which can be achieved simply by 
adding 1000 mg/L of fumed silica nanoparticles. Yield stress results so far are insufficient to link 
changes in the internal structure of the oil with the addition of nanoparticles conclusively. More 
specifically, the notion that an alteration of the asphaltene viscoelastic network is dominantly 
responsible for an HO viscosity reduction cannot be definitely concluded.  
 
 
Figure 3.3 Viscosity as a function of shear stress for yield stress measurement for heavy oil in the 
presence of 1000 mg/L of SiO2 nanoparticles or their absence of at 298 K. 
 
In previous publications,26, 28, 29 the high affinity of the nanoparticles of SiO2 and asphaltenes was 
demonstrated, and in turn the nanoparticle ability to decrease the size of the aggregates. Therefore, 
we proceeded to evaluate the performance of the nanoparticles in a de-asphalted oil obtained from 
the oil matrix and the same HO crude asphaltenes rebuilt with the addition to DAO. 
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Figure 3.4 shows the rheological behavior of DAO and the reconstituted oil with 10 wt% asphaltenes, 
in the presence or absence of SiO2 nanoparticles, for values of shear rate between 0 and 100 s-1 at 
298 K. The DAO shows a Newtonian behavior, i.e. their shear stress versus shear rate ratio is 
constant, and as such, viscosity is not  shear-rate dependent 50. The results obtained are in agreement 
with those reported by several authors.19, 51, 52 When 1000 mg/L of SiO2 nanoparticles were added, 
the viscosity increases by roughly 20%. This result is consistent with expectations of the theory of 
hydrodynamic viscosity of Einstein,32 which states that the viscosity of a solid suspension is directly 
proportional to the content of solid particles. The DAO is equivalent to an asphaltenes-free crude oil, 
and therefore viscosity increases upon adding solid particles. The latter is largely due to lack of 
interactions between asphaltenes and the solid particles that remain dispersed in the medium, 
contrary to what happens in a heavy oil with high asphaltene content. 
The reconstituted oil is obtained by mixing 10% asphaltenes with the DAO, providing assurances 
that the resulting fluid contains stabilized asphaltenes in the oil matrix. The viscosity increases 
considerably, a result that confirms that stipulated by Mortazhavi and Shaw 21, 22 who claim that 
asphaltenes are responsible for the high viscosity of heavy crude oils. The behavior shown by this 
type crude oil is also non-Newtonian (pseudoplastic). By adding 1000 mg/L of SiO2 nanoparticles, 
the viscosity of the reconstituted crude oil is reduced approximately 30%, for all shear rates 
evaluated. Thus, the hypothesis that reducing viscosity heavy oils is given by the interaction of the 
nanoparticles with the viscoelastic network formed by asphaltenes in the presence of resins seems 
clear now. The presence of the resins is very important for the ability of nanoparticles to reduce the 
viscosity of the heavy crude oil through interactions with the viscoelastic network formed by 
asphaltenes.45, 46 
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Figure 3.4 Viscosity as function of shear rate for de-asphalted and re-constituted oil in the 
presence of 1000 mg/L of SiO2 nanoparticles or their absence, at 298 K 
 
 
An additional test was performed to evaluate the performance of SiO2 nanoparticles in a light crude 
with low asphaltene content with the objective of showing that nanoparticles require the interaction 
as well as resins and asphaltenes to reduce the oil viscosity. Viscosity results for LO at various 
concentrations of nanoparticles (including no particles) are shown in Figure 3.5. The LO in the 
absence of nanoparticles exhibits a Newtonian behavior with a value of viscosity of 2 cP. As 
nanoparticles concentration increases in the mixture, the viscosity increases. The largest change in 
viscosity occurs with the addition of 5000 mg/L with a viscosity of 2.56 cP for an increase of 22% 
with respect to oil without nanoparticles, for a concentration of 1000 mg/L value is 2.36 cP with an 
increase of 19%. These results are similar to the change observed by adding nanoparticles to DAO 
(Figure 3.4), and the explanation also lies in the viscosity increase by adding solid particles is largely 
due to lack of interactions with asphaltenes. Therefore, it can be stated that the nanoparticles are able 
to reduce oil viscosity when there is an asphaltene-to-resin ratio at which the viscoelastic network 
forms and can be further modified. In this way, the nanoparticles reduce the viscosity of the crude 
oil that exhibits a non-Newtonian rheological behavior while in the crude oils with Newtonian 
behavior, the viscosity increases by increasing the nanoparticles concentration. Nevertheless, the 
optimal performance conditions considering nanoparticle and asphaltene content necessary for the 
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Figure 3.5. Viscosity as a function of shear rate for light crude oil in presence and absence of 10, 
100, 1000 and 5000 mg/L SiO2 nanoparticles, at 298 K. 
 
To determine more precisely the role of nanoparticles in the rheological properties of HO, dynamic 
rheology measurements were performed. The results are shown in the next section. 
 
3.2.2 Dynamic oscillometry of heavy crude oil. 
 
 Linear viscoelasticity region 
To determine changes in the internal structure of the heavy oil, it is necessary to evaluate how the 
viscoelastic moduli are altered by the addition of SiO2 nanoparticles. There are different types of 
materials, depending on their structure, exhibiting viscoelastic behavior. For instance, heavy crude 
oils at low deformations exhibit a linear relationship between the applied stress and the strain 
induced. This linearity is known as the linear viscoelastic region (LVR), indicating that the internal 
bonds of the sample structure are still intact 7. Generally, the LVR of a material can be obtained by 
dynamic rheological experiments by testing the sweep width at a desired frequency. For this 
particular case, the LVR was obtained by performing an amplitude test sweep range from strain 
between 0.1 to 100% at an angular frequency of 10 rad/s, at 298 K. Figure 3.6 shows the amplitude 
sweep test for heavy oil in the presence of 1000 mg/L SiO2 nanoparticles or in their absence.  
The storage modulus G’ characterizes the ability of the material to store energy and represents the 
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as it flows and represents the viscous behavior typical of liquids. The phase angle δ measures the 
coupling between the oscillatory input stimulus to the sample and the response. When the phase 
angle is equal to 0°, the material behaves like a hookean solid material; when delta equals 90°, the 
material is considered a Newtonian fluid. When the phase angle is equal to 45°, the contribution of 
the elastic component of material is equal to the viscous component (G’ = G”). In an amplitude 
sweep test, the common observation is that as the strain is increased, the response of the moduli is 
constant to a limit, after which the non-linear response region is met.7, 53, 54 
In Figure 3.6, the storage and loss modulus, G’ and G”, and the phase angle, δ, are presented. As the 
strain increases, the moduli remain constant up to about 5%, the point where the linearity is lost. For 
this reason, we can state that the LVR is between 0.5 and 5% strain. This happens to heavy oil with 
and without nanoparticles. The loss modulus G” is always greater than the storage modulus G’, 
which indicates that the sample is governed by a more viscous rather than an elastic nature. A lower 
value of G’, the fluid has a lower internal resistance, and for that reason lower viscosity. This happens 
when 1000 mg/L of SiO2 nanoparticles are added. The storage modulus (G’) represents the elastic 
behavior of solid itself, and these values are lower than the loss modulus (G”), a reason why the 
process is governed by the viscous fluid behavior. The phase angle is always greater than 45° or 
liquid-like.7, 53, 54 
The linear viscoelastic region is slightly altered by the presence of nanoparticles, which may suggest 
a change in the internal structure of the material,49 in this case the heavy oil. To determine the effect 
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Figure 3.6 Amplitude sweep test for heavy oil in a) absence and b) presence of 1000 mg/L of SiO2 
nanoparticles at a fixed frequency of 10 rad/s and temperature of 298 K. 
 
 Frequency sweep test for heavy crude oil. 
 
To carry out the angular frequency analysis, the percentage of deformation was set at 2% (a large 
enough value within the LVR) and a sweep was performed from 0.1 to 100 rad/s, at 288, 298 and 
313 K. The latter is conducted with the goal of identifying possible structural changes generated by 
the addition of nanoparticles. Figure 3.7 shows the viscoelastic moduli for crude oil with and without 
nanoparticles at 288 K. For HO without nanoparticles, the value of the loss modulus G” is always 
greater than that of the storage modulus G’. This indicates that the sample is governed by a more 
viscous behavior than elastic one throughout the frequency sweep evaluated. As the angular 
frequency increases, the values of the moduli increase. This behavior is so attributed to the 
arrangement of overlapped asphaltenes under shear rate behaving like a transient network of fractal 
aggregates.23 In this concentrated regime, the particles interact with strong colloidal forces, which is 
in accordance with Mullins et al.;55 Wong, Yen, and Fu;56 and Yen and Chilingarian,57  who have 
reported that heavy crude oils contain a suspension of asphaltene colloids stabilized by resins. The 
smallest colloid particles diameter is 2–4 nm and may form clusters with dimensions of 10–30 nm. 
Further asphaltene aggregation may lead to the formation of flocs and macrostructures. The presence 
of the viscoelastic behavior of the heavy crude oil indicates that interacting flocs and macrostructures 
form a certain network that will be affected by temperature, and the addition of light crude oil, 
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Crude oil with nanoparticles exhibits a behavior similar to that of crude oil, i.e.  the value of the loss 
modulus G” is always greater than the storage modulus G’. However, when comparing the moduli 
values  for crude oil without nanoparticles, they decrease approximately 40 % in the presence of 
nanoparticles. For this reason, both viscous and elastic contributions decrease, and this is reflected 
in decreased dynamic viscosity shown in Figure 2a. The decrease in viscosity, explained from the 
change in the viscoelastic properties of the material by the addition of nanoparticles, has a positive 





Figure 3.7 Master curve for heavy oil in a) absence and b) the presence of 1000 mg/L of SiO2 
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The behavior of viscoelastic moduli at 298 K presented in Figure 3.8 is similar to that shown in 
Figure 3.7. The value of the loss modulus G” is always greater than the storage modulus G’, which 
indicates that the sample is governed by a behavior more viscous rather than elastic in the entire 
frequency range evaluated. An increase in temperature is expected to lead to a decrease in the values 
of the G’ and G” moduli, similar to results found by Bazaleya et al.,39 Behzadfar and Hatzikiriakos,23 
and Pierre et al.4 The presence of nanoparticles in the matrix of heavy oil generates a change in the 
internal structure of the fluid that is reflected in the decline of the viscoelastic moduli, G’ and G”, 
and a slight increase in the phase angle δ. For instance, at a fixed frequency of 1 rad/s the loss 
modulus G” decreases down from 2191 Pa to 979 Pa, G” decreases down from 684 Pa to 229 Pa, 
and the phase angle δ increases from 72.6° to 76.8°. The decrease of G’ and G” refers to a decrease 
in the elastic and viscous contributions; an increased value of δ suggests a more liquid-like than a 
solid-like response, which explains reduction viscosity of heavy crude. Therefore, the elastic and 
viscous contributions decrease at the same time as viscosity decreases. The phase angle has a slightly 
decreasing trend with increasing angular frequency, however, it is always above 45°, which confirms 
that the fluid behavior is dominated by the contribution of the viscous component. At 298 K a direct 
effect of nanoparticles on the internal structure of heavy oil is not clearly observed, and for this 
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Figure 3.8 Master curve for heavy oil in a) absence and b) the presence of 1000 mg/L of SiO2 
nanoparticles at 298 K and for a strain of 2%. 
 
 
Figure 3.9 shows the analysis of oscillometric frequency sweep between 0.1 and 100 rad/s for crude 
oil without and with nanoparticles at 313 K. In Figure 3.9, it is observed that the crude oil in the 
absence of nanoparticles exhibits a behavior that is more governed by the viscous component (G” 
greater than G’) at a frequency near 30 rad/s. However, at higher frequencies, the value of the storage 
modulus considerably exceeds the value of the loss modulus, which decreases considerably, just as 
the phase angle suffers decreases in value to 38° approximately. 
If we consider that lower values of 45° the own elastic component of the solid has more impact on 
the rheological behavior than the viscous component, we can say that under these conditions of 
temperature and frequency, the material behaves more like a solid than as a liquid.7, 53, 54 However, 
by adding 1000 mg/L SiO2 nanoparticles, it is clearly noted that for all the frequency sweep the 
viscous component (related to G”) is always greater than the elastic component (related to G’). As 
the phase angle is always above 45°, it can be said that the material in the presence of nanoparticles 







































Figure 3.9 Master curve for heavy oil in a) absence and b) the presence of 1000 mg/L of SiO2 
nanoparticles at 313 K and for a strain of 2%. 
 
Figure 3.10 shows the comparative loss modules and storage for heavy oil in absence and presence 
of 1000 mg/L of nanoparticles for each temperature tested. Clearly, the values related to G’and G” 
moduli decrease as the temperature increases. In this order, the viscosity decrease can be interpreted 
as a decrease in the contribution of the elastic and viscous components of the material and these 



































































Figure 3.10 Heavy crude oil moduli for a strain of 2% and at 288, 298, and 313 K: a) G’ for heavy 
oil, b) G” for heavy oil, c) G’ for heavy oil in the presence of 1000 mg/L of SiO2 nanoparticles and 
d) G” for heavy oil in presence of 1000 mg/L of SiO2 nanoparticles.  
 
In Table 3.2, the ratio of G’ for heavy crude oil without nanoparticles and G’ of heavy crude oil with 
1000 mg/L of SiO2 nanoparticles (G'HO/G'Np’s) is given for a frequency sweep between 0.1 and 100 
rad/s, at the three values of temperature evaluated 288, 298 and 313 K. The corresponding ratio for 
G” is also given. 
At 288 and 298 K, the ratios (G'HO/G'Np’s) and (G''HO/G''Np’s) decrease as the frequency increases, 
which means that the effect of nanoparticles on the viscoelastic properties of the fluid is lower at 
higher frequencies, however, the value is greater than 1. Consequently, the addition of nanoparticles 
always yields a reduction in the magnitudes of G’ and G”, which in turn may explain the reduced 
viscosity by the addition of nanoparticles.24, 53  
At 313 K, the action of nanoparticles impacts more the storage modulus G’ than the loss modulus 
G” at high frequencies, therefore the ratio (G'HO/G'Np’s) is bigger than 1, and the ratio (G''HO/G''Np’s) 
is lower than 1. Consequently, nanoparticles increase the magnitude of the viscous component, but 
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nanoparticles, the rheological behavior is considered governed by the viscous component (own of 
liquids) rather that the elastic component (own solid) thus reducing viscosity by adding silica 
nanoparticles explained. 
 
Table 3.2. The ratios between moduli of heavy oil in absence and presence of SiO2 nanoparticles at 
different frequencies. Data obtained at 288, 298, and 313 K. 
ω  
(rad /s) 
288 K 298 K 313 K 
G'HO/G'Np’s G''HO/G''Np’s G'HO/G'Np’s G''HO/G''Np’s G'HO/G'Np’s G''HO/G''Np’s 
0.1 5.065 2.950 3.843 2.483 0.004 0.391 
0.5 3.990 2.503 3.108 2.314 0.041 0.614 
1 3.576 2.358 2.978 2.237 1.039 0.489 
5 2.633 2.298 2.756 1.970 1.205 0.411 
10 2.361 2.009 2.561 1.847 1.576 0.502 
50 1.652 1.951 2.528 1.531 1.827 0.420 
100 1.132 1.894 1.787 1.337 3.887 0.081 
 
Strong combined evidence in this work indicates that changes in the viscoelastic properties of the 
sample are due to structural changes in the viscoelastic network originally formed by asphaltenes 
and their colloidal behavior in the presence of resins. Alteration of this viscoelastic network is 
reflected through the viscosity reduction of the heavy oil sample for the three temperatures tested in 
the presence of SiO2 nanoparticles. 
 
3.2.3 NMR T2 Measurements. 
Knowledge of oil viscosity is important when estimating hydrocarbon reserves and evaluating the 
potential for waterflooding or EOR processes. This information is especially important in heavy oil 
and bitumen, viscosity is usually the major impediment to recovery of these reserves. As oil viscosity 
increases, obtaining a laboratory measurement is difficult and prone to error, and viscosities 
measured in the lab may not be representative of field conditions. Nuclear magnetic resonance 
(NMR) is therefore an attractive alternative method for determining viscosity oil.58 
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In recent years, nuclear magnetic resonance techniques have been applied to study liquid systems, 
from liquids with a single molecule such as water, to complex liquids such as crude ones. Nuclear 
magnetic resonance can be considered the most important analytical technique for structural analysis 
of molecules in solution.59, 60 This method probes molecular properties by interrogating atomic nuclei 
with magnetic fields and radio-frequency irradiation. More specifically the NMR denotes the 
resonant interaction of the magnetic moments in a time-invariant magnetic field with the magnetic 
component of an electromagnetic wave. 
Several correlations already exist for determining viscosity oil using NMR. Some of these 
correlations compare the geometric mean T2 relaxation time to oil viscosity. NMR measures the 
response of hydrogen protons inside an external magnetic field. The protons inside oil and water are 
polarized in the direction of the field, called the longitudinal direction. Another magnetic field is 
applied to a radio frequency press the direction of the protons on the transverse plane, where they 
rotate in phase with one another. As the protons give off energy to one another and to their 
surroundings, the Magnetic signal in the transverse plane decays. This is known as relaxation.61  
 
For this reason, this section intends to evaluate the effect of nanotechnology on the T2 relaxation 
times of crude oil and presents a mathematical relationship between T2 and viscosity. 
 
The results presented in this section were obtained at the University of Wyoming, where the 
international internship was carried out, for that reason a different heavy crude was used. The heavy 
crude selected to carry out the measurements came from Mexico, the heavy crude oil has a density 
of 0.98 gr/mL and a C5 – asphaltene content of 23.7 wt%. 
The results are divided into two parts, the rheological evaluation of heavy crude in the presence of 
nanoparticles at various concentrations, and the measurement of T2 relaxation times using a Minispec 
LF 110 NMR. 
 
 
 Rheologic measurements with Np’s 
Figure 3.11 shows the rheometry of heavy crude in the presence of SiO2 nanoparticles of 8 nm 
diameter (S8), at concentrations of 200, 500, 800, 1000, 2000 and 10000 mg/L respectively, for 3 
temperature values a) 303, b) 313 and c) 323 K. It also presents the highest degree of viscosity 
reduction for each temperature evaluated. 
 





Figure 3.11. Rheologic curves for HO with nanoparticles for concentrations of 200, 500, 800, 
1000, 2000 and 1000 mg/L at a) 303, b) 313, c) 323 K, and d) the DVR of HO+1000 mg/L.  
 
The results presented in Figure 3.11 present trends similar to those obtained in the previous chapters, 
that is, viscosity reductions by increasing the content of nanoparticles, but to a limit. In this case the 
optimum point is again 1000 mg/L. At concentrations of 10000 mg/L the viscosity increases due to 
the increase in the packing factor, this is understood from the point of view that it is a lot of solid 
particles in so little liquid volume, therefore they tend to agglomerate and increase the viscosity of 
the solid. 
Figure 3.11 presents the performance of the optimum concentration of nanoparticles (1000 mg/L) at 
each temperature, expressed as a percentage of DVR. It can be observed that the nanoparticles show 
better performance with increasing temperature, possibly because they are better dispersed at higher 
temperatures, due to the decrease of viscosity of the fluid at higher temperature, in this way the 
particles can travel more easily Internally in the crude and produce greater points of contact and 
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 NMR T2 relaxation times measurements. 
Figure 3.12 shows the T2 relaxation times measured for each sample prepared at the same 




Figure 3.12. T2 relaxation times curves for HO with nanoparticles for concentrations of 200, 500, 
800, 1000, 2000 and 1000 mg/L at a) 303, b) 313, c) 323 K, and d) the HO without nanoparticles.  
 
The results presented in Figure 3.12 indicate a clear trend in relaxation times when adding 
nanoparticles. For all evaluated temperatures, the tendency presented is similar to the trend obtained 
in the reduction of viscosity. The relaxation time T2 is very small, this is according to the results 
obtained previously in literature.58, 62, 63 The time increases from lowest to highest with the following 
trend 10000 < HO < 200 < 500 < 2000 < 800 < 1000 mg/L. The speed at which the hydrogen 
molecules vibrate is affected by two fundamental reasons, the first is by the presence of a solid 
surface of SiO2, and the second by the viscosity reduction of the fluid produced by the nanoparticles. 
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and the viscosity of the fluid. These results are in line with those presented in literature58, 62, 63where 
as the viscosity decreases the relaxation time increases. 
 
  
Figure 3.13. Relationship between T2 relaxation times and a) nanoparticles concentrations and b) 
viscosity of the heavy oil, at 303, 313, and 323 K. 
 
In Figure 3.13a. It is possible to identify a maximum point where the relaxation time is higher than 
any other value, this means that the hydrogen molecules take longer to achieve a state of equilibrium 
when they are subjected to a magnetic field and this is removed. The value agrees with that obtained 
in all rheological characterizations of the HO sample in the presence of nanoparticles. Figure 3.13b 
shows the trend of the T2 relaxation times with the viscosities obtained for all mixtures measured at 
fixed shear rate of 1s-1. Clearly the process that dominates relaxation times is the viscosity of the 
medium. It proposes an empirical correlation that allows to estimate the viscosity of the fluid using 
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(3.1) 
 In this way it is possible to expand the range of possibilities to obtain viscosities of complex fluids 
such as heavy crude 
3.3 Partial conclusions 
 The effect of SiO2 nanoparticles with mean particle size of 8 nm on the rheological properties 
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oscillometry. Heavy oil viscosity reduces as shear rate increases following a shear thinning 
non-Newtonian behavior. The addition of nanoparticles at a concentration of 1000 mg/L 
reduces the viscosity of heavy oil 12 to 45%, for shear rates between 0 - 100 s-1 and 
temperatures of 288, 298 and 313 K.  
 Nanoparticles decrease the yield stress of heavy oil by more than 50%, and this helps to 
reduce the mechanical stress needed for the fluid to start flowing. The addition of 
nanoparticles increases the viscosity of the light crude oil and de-asphalted oil, the reason 
why we conclude that the nanoparticles interact directly with the asphaltenes and hence with 
the viscoelastic network.  
 It was viscoelastic moduli values indicate that samples fluid flow is governed dominated by 
viscous dissipation at all strain and frequencies evaluated. This leads to the conclusion that 
asphaltenes overlap acts like a transient network of fractal aggregates. The shear thinning 
behavior is so-attributed to the arrangement of overlapped asphaltenes under shear. 
However, at 313 K and higher frequencies (> 30 rad/s), the value of the storage modulus 
exceeds the value of the loss modulus, which considerably decreases, just as the phase angle 
decreases to a value of approximately 38°. Therefore, we can say that under conditions of 
temperature and these frequency values, the heavy oil in the absence of nanoparticles 
behaves more like a solid than as a liquid.  
 However, by adding 1000 mg/L SiO2 nanoparticles, it is clearly noted that for all the 
frequency sweep the viscous component (related to G”) is always greater than the elastic 
component (related to G'). Consequently, the material in the presence of nanoparticles 
behaves more like a liquid rather than as a solid. 
 NMR T2 measurements reflect that the nanoparticles alter the viscosity of the heavy crude 
and as the times increase, the viscosity decreases. The trend obtained is identical to the 
rheological behavior of crude oil. A new mathematical model that correlates these two 
variables is presented 
 The results obtained by combining techniques of rheometry at steady state and dynamic 
oscillometry confirm the hypothesis that nanoparticles affect the internal structure of the 
heavy oil, by modifying the viscoelastic network of asphaltenes at high concentrations 
(greater than 4 wt%) in the presence of resins 64, 65. This modification is due to the interaction 
forces between silica nanoparticles and asphaltenes present in the matrix of heavy oil. This 
study further supports the proposed hypothesis on the effect of nanoparticles in the reduction 
of heavy oils viscosity and opens a better direction for application of this novel and cost-
effective technology. 
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4. Optimization of transport conditions of heavy 
crude oil through the use of nanofluids: 
Reduction of naphtha consume. 
Techniques commonly used to improve their transport through oleoducts includes the addition of 
solvents (light crude oil, naphtha, diesel, among others) or gasses (mainly, CO2), as they contribute 
to reducing oil viscosity.1-4 However, these techniques can prompt issues such as the precipitation 
and/or deposition of asphaltenes in the production systems, and pipelines.1, 2 Naphtha is one of the 
most commonly used diluents, and its application is based on the requirements for transport through 
pipelines, amounting to roughly 400 cSt at 311 K, 18ºAPI and 0.5% of sediments and water 
(%BSW).5-7 
The transport of crude oils in Colombia has increased considerably since 2005, going from 150,000 
to 450,000 barrels per day (bpd) transported in 2016.8 This considerable growth in resource market 
availability brings along significant economic impacts of the order of 20% of total production costs, 
even in some cases higher costs.8 To better understand the magnitude of this impact it is worth 
recalling that the total production costs amounted to more than US$ 8.00 billion dollars recently, in 
which case 20% translates into roughly US$ 1.60 billion in transportation costs.9 The latter represents 
a significant economic impact on the national company, Ecopetrol S.A (ECP). Ecopetrol S.A, 
Colombia's largest operating company, holds ownership of 77% of the pipeline transportation 
capacity in Colombia. As of December 31, 2012, the network of pipelines spanned approximately 
8,760 kilometers in length.10 At present, ECP has 8 projects to improve transportation capacity 
through the construction and improvement of pipelines, storage and pumping stations. These 
investments total more than 6,00 billion US$.9 Considering that Colombia has more than 13,000 
Mbpd11 in proven reserves of heavy crude oil, investments become a must to exploit these resources. 
The increase in oil volumes causes strain on the system in various ways, including the need to revamp 
pipeline capacity as well as the volume of diluent (naphtha) required to address the growing 
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demand.8, 12 These changes, in turn, create national pressures due to economic impacts associated 
with limitations in naphtha supply, which must be heavily supplemented with imports. ECP had to 
increase naphtha imports, representing a 44% increase in annual purchases.10 The consumption of 
naphtha reported by Ecopetrol S.A is approximately 70,000 bpd,13 representing costs more than 
USD$ 5.5 million per day. Alternatives to the traditional use of naphtha become critical for 
Colombia, which is also necessary to address power requirements to pump the heavy, viscous 
hydrocarbons long distances that must be mitigated through viscosity reduction.  
The methods used for transporting heavy oil and bitumen through pipelines are generally grouped 
into two categories:14 i) viscosity reduction, e.g. injection of solvents or light hydrocarbons, 
emulsification through formation of O/W emulsions, and preheating of crude oil, and ii) drag/friction 
reduction, such as the use of drag reducing additives and core annular flow. 
Viscosity reduction as a way to improve the mobility of heavy crude oil has been extensively 
studied.6, 15-25 For instance, Castro et al.26 and the company Geo-Estratos S.A report the use of 
different viscosity reducing agents. They investigate the rheological behavior of solutions with 
terpolymers at different shear rates and temperatures. They synthesized terpolymers with different 
contents of styrene (S), n-butyl acrylate (BA), and vinyl acetate (VA) by semi-continuous emulsion 
polymerization. The results confirm that the viscosity of the crude is reduced when the terpolymers 
have a high percentage in S and lesser amounts of BA or VA. The molecular weight of the 
terpolymers plays an important role in their performance as viscosity reducers. Geo-Estratos S.A26 
offers viscosity bioreducers based on vegetable oils, reaching reductions in viscosity of up to 60% 
by injecting only 3 %v/v, applied to a reservoir at a temperature of 323 K and a depth of 1280 m, in 
emulsions with a water content of 2%. Mortazavi - Manesh & Shaw7 studied the effect of different 
types of chemical compounds on the rheological properties of Maya crude oil at different 
temperatures. The compounds used in their study were toluene, n-heptane and a mixture 50 %v/v of 
toluene and butanone. Results show that the mixture toluene + butanone is promising based on the 
resulting viscosity reduction. Another common diluent used is naphtha, a product derived from 
petroleum. Naphtha has a high API gravity and shows good compatibility with asphaltenes and with 
other compounds of crude oil due to its chemical nature. Gateau et al.18 proposed that a blend of 
naphtha and organic solvent would reduce the quantity of diluents needed to lower the viscosity of 
heavy oil-to-pipeline transportation specifications. However, the high consumption of these solvents 
increases transportation costs and generates different environmental risks due to the production of 
polluting gasses, making it an unattractive technique.27 
An alternative technique for enhancing heavy crude oil flowability through pipelines is the formation 
of an oil-in-water emulsion. In this technology, the heavy crude oil is emulsified in water and 
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stabilized with the aid of surfactants. The emulsion is formed by the dispersion of the crude in the 
form of drops in the continuous aqueous phase, leading to viscosity reduction.15, 24 The list of 
methods used to generate the oil droplets to create the emulsions includes the use of devices such as 
dispersing machines, mixing with rotor–stator, colloid mills, high-pressure homogenizers applying 
high shearing stresses, emulsification by a membrane and ultrasonic waves.6, 28, 29 At the industrial 
level, the application of emulsions to transport heavy crude oils through the use of Orimulsión®, 
developed by the State Oil Company of Venezuela, PDVSA, in the eighties, consists of a crude oil-
in-water emulsion with a dominant/high fraction of oleic phase. The technology was developed with 
the aim of facilitating the transportation of heavy crude because the dilution with conventional diesel 
oil was no longer economically attractive,30-33 though the resulting emulsion can be used as an 
effective fuel in fuel-fired power plants. Another method commonly used to reduce the high viscosity 
of heavy crude oil and bitumen, and thereby improve their flowability, is the application of heat. 
Heating the pipeline causes a rapid reduction in viscosity that lowers the resistance of the oil to 
flow.34, 35 However, heating involves a considerable amount of energy and cost as well. Another 
issue relates to greater internal corrosion problems, due to the increase in temperature. However, 
heating the pipeline may induce changes in the rheological properties of the crude oil that may result 
in flow instability in the. Numerous heating stations are required, consequently adding to the overall 
operating cost, in addition to heat losses occurring along the pipeline as a result of the modest oil 
flow. 
The second method used to transport heavy oil is drag/friction reduction through either the use of 
drag reducing additives or core annular flow. The use of drag reducing agents seeks to reduce friction 
near the pipe walls to prevent the growth of turbulence by absorbing the energy released in the 
lamellar layer.32 The main reducing agents can be divided into surfactants, fibers, and polymers. An 
important requirement is the solubility of the drag reducing agents in the heavy crude, in addition to 
having good resistance to thermal and chemical degradation. Common difficulties encountered in 
the use of entrainment additives include the tendency of the additive to separate when stored, the 
dissolution of the additives in the heavy crude oil and the problem of shear degradation when 
dissolved in heavy crude oil. The first report of the core-annular flow technique was published by 
Isaacs & Speed,19 who proposed the possibility of channeling of viscous fluids through water 
lubrication of the pipe walls. This technique consists of surrounding the core of the heavy crude oil 
with water or a solvent film layer adjacent to the pipeline wall, which acts as a lubricant for oil flow. 
In this sense, water or the solvent behaves like a ring, while the heavy crude is the core in the flow 
through the pipe. The required water or solvent fraction is in the 10-30 wt% range,24, 36 This implies 
that the pressure drop along the pipe depends weakly on the viscosity of the heavy oil, but strongly 
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on that of water. Also, Bensakhria et al.16  found that with heavy oil as the center of the pipe and 
water near the surface of the pipe wall, the reduction in pressure drop was in excess of 90% compared 
to crude oil flow without lubrication. However, some of the limitations include the formation of 
waves that are created at the interface of the lubrication layer and the oil that hinders the flow.16, 19 
Additionally, when the density difference between oil and water is large, the resulting buoyancy 
force produces a radial movement of the oil core.16, 19 Also, the stability of the flow system is still 
under investigation.17, 19 A few publications propose nanofluids as viscosity reducers for heavy and 
extra-heavy crude oils. In our previous study,37 we synthesized nanofluids composed of SiO2 
nanoparticles and generated viscosity reduction of heavy crude oil, focused on the improvement of 
in situ mobility of crude oil. Recently, the same authors38 showed that the addition of nanoparticles 
alters the heavy crude internal structure, which is responsible for the observed viscosity reduction. 
If we consider that the effect of reducing viscosity in heavy crude oil by the addition of nanoparticles 
can considerably reduce energy and solvent consumption, the outcome will represent an innovative, 
viable alternative for improvement of heavy and extra-heavy crude mobility as well as the mitigation 
of the aforementioned issues in production and transportation stages. Therefore, the main objective 
of this chapter is to evaluate the effect of the SiO2-based nanofluids in the reduction of naphtha 
consumptions for heavy and extra-heavy crude oils. In this way, four nanofluids were prepared using 
different solvents (toluene, biodiesel, and biodiesel with two surfactants, one ionic and another non-
ionic) and nanoparticles of fumed silica for evaluating the reduction of naphtha use in the transport 
process. The analysis of this work was based mainly on the steady state rheological study and 
dynamic flow tests in a pipeline for the two crude oils evaluated.  Also, an economic approach and 
environmental impact were carried out for evaluating the potentiality of this nanofluids type in the 




Two Colombian oils, one heavy oil (HO) and one extra heavy oil (EHO), were used in experiments. 
Properties of the selected HO and EHO are presented in Table 1. Four nanofluids were prepared with 
different diluents. Toluene (99.5%, Merck KGaA, Germany), biodiesel, and naphtha were used as 
diluents; these last two were provided by Ecopetrol S.A (Colombia). Cetyltrimethylammonium 
Bromide CTAB (98%, PanReac, Spain) and non-ionic surfactant Tween 80 (Sigma-Aldrich, St. 
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Louis, MO) were employed for nanofluids preparation. The nanofluid is prepared using four 
different carrier fluids: toluene, biodiesel, biodiesel + Tween 80, and biodiesel + CTAB. When 
surfactants were added to biodiesel, 1 wt% of the respective surfactant is mixed with the biodiesel 
at 300 rpm and 298 K, on a stirring plate. An amount of nanoparticles selected for the preparation of 
nanofluid is 1000 mg/L with respect to the volume of crude oil. This nanoparticle concentration was 
selected using criteria from our previous work.37   Nanoparticles were added to the carrier fluid using 
a magnetic stirrer at 300 rpm for 1 h at 298 K and subsequently sonicated for 30 min to guarantee 
the correct dispersion of the nanoparticles in the liquid medium.39-43 The properties of the prepared 
nanofluids are summarized in Chapter 1 
  
4.1.2 Methods  
 Rheologic measurements 
Steady-state rheological measurements were performed using a Kinexus Pro+ rotational rheometer 
(Malvern Instruments, Worcestershire - UK), equipped with a Peltier plate for temperature control, 
with a cone-plate geometry at a gap of 1.35 mm.  Several conditions were evaluated to analyze the 
change in viscosity induced by the addition of nanofluids. For the HO and EHO, the nanofluids were 
evaluated at concentrations of 5 and 10% v/v. The rheological measurements were conducted at 311 
K at a shear rate range of 1-100 s-1. Experiments were performed for dry nanoparticles and the 
prepared nanofluids. Each experimental condition set was repeated three times. The accuracy of the 
rheological measurements is approximately ± 1%.7, 37, 44, 45 
 
 Dynamic flow test 
Dynamic flow tests are performed to determine the best nanofluid formulation that leads to the 
largest viscosity reduction according to rheological measurements. The selected nanofluid was added 
to a heavy or extra-heavy crude oil, and a positive displacement pump drove the mixture through a 
stainless steel pipeline 82 ft. in length and 1/4 inch in inner diameter designed exclusively for these 
tests. To this end, 1.0 L of the mixture was used, while the pressure differential was continuously 
measured during the test. Figure 4.1 shows schematics of the setup employed for the dynamic tests. 
The experiments were carried out in triplicate ensuring fully developed flow by constantly measuring 
the pressure differential. The test was performed in a laminar regime, defined by a Reynolds number 
much lower than 2100. The results obtained during the test can be used as a starting point to develop 
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larger assemblies and to perform flow tests with higher flows and greater distance. The tests were 
performed at a constant flow rate of 5 mL/min at two different temperatures of 298 K and 313 K.  
 
 
Figure 4.1 Schematic representation of experimental setup for the dynamic flow test. 
4.2 Modeling 
4.2.1 Rheological model  
 
The Herschel-Bulkley (H-B) model was used for describing the rheological behavior of heavy and 
extra heavy oil mixtures in the presence or absence of the nanofluids as a function of the shear rate 
 (s-1).46-48 The flow behavior index Hn  was investigated for different mixtures and was used as a 
proxy for the rheological behavior of the fluid. Values of  Hn < 1.0 indicate that the fluid follows a 
pseudoplastic behavior.46 Consistency index 
H
K (Pa·sn) refers to the fluid viscosity. The limiting 
viscosity parameters 0, (cP) and , (cP) indicate the behavior of the fluid when subjected to 






K   


   (4.1) 
where,   is the viscosity of the fluid at a predetermined shear rate. The accuracy of the H-B model 
for describing the rheological behavior of the fluids was evaluated by examining the root-mean-
square error (RMSE%) and the correlation coefficient R2.49 
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4.3 Results   
 
In the previous chapters, have shown that S8 nanoparticles with a mean particle size of 8 nm have 
the ability to effectively adsorb heavy oil components such as asphaltenes and resins on their surfaces 
50, resulting in a considerable reduction in fluid viscosity. Based on our previous work,37, 38, 51 results 
in this chapter are divided into five main sections: (1) rheological characterization of the heavy oil 
in the presence of naphtha at 311 K, (2)  performance of different nanofluids for the reduction of 
crude oil viscosity as well consumption of naphtha, (3) evaluation of the best nanofluid on an extra 
heavy oil, (4) dynamic tests in pipelines with a nanofluid selected according to the results obtained 
by the rheological measurements at steady state and (5) economic analysis and environmental 
impact.  
4.3.1 Steady state measurements of heavy crude oil with 
naphtha 
 
Experiments at different concentrations of naphtha added to an HO sample upon attaining a viscosity 
value close to that required for transportation in the pipeline (400 cSt at 311K) were conducted. For 
this reason, here the flow viscosity index ( i
F
) is defined with the objective of determining a 
numerical value that allows identifying whether a blend meets the minimum viscosity requirements 












is the viscosity required for heavy oil transportation, and mixture

 is the viscosity of the 
mixture after addition of viscosity modifier. Values of iF  ≥ 1.0 indicate that the dosage of treatment 
attains the requirements for fluid transportation. The viscosity was measured at shear rate of 90 s-1 
since at values higher the fluid behaves in a completely Newtonian fashion, and its viscosity will not 
be altered with a further increase in the shear rate. 
Figure 4.2 shows the rheological measurements at steady state for HO containing naphtha at dosages 
of 10, 20, 24, and 27 %, and shear rates 0 - 100 s-1 at 311 K. Naphtha was added to reach viscosity 
values lower than 400 cP ( i
F
 close to 1.9) according to transportation requirements. The shape of 
the curve for HO exhibits a non-Newtonian, shear-thinning behavior, i.e. oil viscosity decreases with 
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increasing shear rate. Similar results were found by Mortazavi-Manesh & Shaw,7, 44 Bazyleva et al.,52 
Mozaffari et al.,45 Tao & Xu,53 and Taborda et al.37 The high viscosity of the heavy crude oil is due 
to the formation of a viscoelastic network made up of asphaltenes and resins that occur mainly when 
the content of asphaltenes in the heavy crude is greater than 5 wt%.38 
The addition of naphtha produces viscosity reduction for all shear rate values evaluated and increases 
as the naphtha dosage rises. The rheology of HO after naphtha addition also shows a non-Newtonian 
behavior, although not as pronounced in comparison to the additive-free heavy crude oil. It can be 
observed from Figure 4.2 that by increasing the amount of naphtha in the system, a behavior closer 
to Newtonian fluids is obtained. The largest drop in viscosity obtained for heavy oil corresponds to 
a naphtha concentration of 27 % with an iF  = 0.99. In this case, where the asphaltene content of the 
evaluated HO is 12%, naphtha is expected to interact with the viscoelastic network of asphaltenes, 




Figure 4.2 Heavy oil viscosity as a function of shear rate in the presence or absence of naphtha at 
concentrations of 10, 20, 24 and 27% at 311 K. 
 
Table 4.1 presents the parameters of the Herschell-Bulkley rheological model and the values of the 
flow viscosity index for heavy oil samples with naphtha, nanoparticles, and nanofluids evaluated. 
As observed, the viscosity measured at an infinite shear rate and the consistency index 
H
K decreased 












HO + 10% Naphtha
HO + 20% Naphtha
HO + 24% Naphtha
HO + 27% Naphtha
Model
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of diluent is increased, since the behavior tends to be more Newtonian. Similar results are reported 
by.44 
 
Table 4.1 Herschell-Bulkley model parameters and flow viscosity index for mixtures between HO 
and different treatments at 311 K. 
Treatment Dosage 








R2 RSME%  
None - 430221 0.987 8800 0.92 9.7 0.05 
        
Naphtha 
10% 152071 0.988 5567 0.91 9.9 0.07 
20% 31534 0.989 2850 0.93 8.2 0.14 
24% 15889 0.993 1077 0.94 7.1 0.38 
27% 5702 0.998 399 0.91 9.6 0.99 
        
SiO2 1000 mg/L 140988 0.988 5825 0.92 9.4 0.06 
        
SiO2 + 
Naphtha 
1000 mg/L  + 10% 13053 0.989 2545 0.92 8.7 0.16 
1000 mg/L  + 14% 9338 0.990 1085 0.92 8.3 0.37 
1000 mg/L  + 18% 1228 0.993 385 0.90 9.8 1.08 
        
Toluene 
5% 85483 0.989 5725 0.93 9.1 0.06 
10% 53094 0.990 4819 0.90 9.5 0.09 
        
TNF 
5% 60973 0.989 5577 0.91 9.1 0.07 
10% 12007 0.991 3925 0.90 9.7 0.11 
        
Biodiesel 
5% 95841 0.989 5025 0.91 9.6 0.06 
10% 15824 0.989 3128 0.90 9.8 0.12 
        
Biodiesel + 
Tween 80 
10% 31964 0.988 3354 0.93 8.1 0.11 
Biodiesel + 
CTAB 
10% 19046 0.989 3075 0.93 7.7 0.12 
        
BNF 
5% 81125 0.989 4875 0.93 8.1 0.08 
10% 11465 0.991 2225 0.90 9.5 0.19 
        
BTWNF 10% 15814 0.989 2928 0.90 9.8 0.13 
BCNF 10% 13339 0.990 2821 0.94 6.5 0.14 
        
BNF + 
Naphtha 
10% + 13% 5463 0.994 335 0.92 7.1 1.17 
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4.3.2 Steady state measurements of heavy crude oil with 
nanofluids 
 
 Reduction of heavy oil viscosity with toluene-based nanofluid. 
The first nanofluid was added to the heavy crude mixture at 5 and 10% by volume. Figure 4.3 
presents the rheological behavior of heavy crude oil, crude oil with nanoparticles, crude oil in the 
presence of only the solvent, and finally crude oil in the presence of nanofluid. The curve 
corresponding to the heavy crude exhibits a non-Newtonian shear-thinning behavior. This behavior 
is governed by the presence of heavy hydrocarbons in the crude oil structure.2, 45, 54-56 By adding the 
solvent, the heavy molecules dissolve, reducing the viscosity of the fluid considerably. As expected, 
as the solvent concentration in the mixture increases, the viscosity reduction increases. If we compare 
the viscosity values at a fixed shear rate (90 s-1), we can determine the degree of viscosity reduction, 
expressed as the percentage reduction. In this sense, we note that for upon addition of 1000 mg/L 
SiO2 nanoparticles the percentage of reduction is roughly 19%; for 5% toluene, the reduction is 26%, 
and for 5% of TNF, the reduction is 34%. For 10% toluene, the reduction is 45%, and for 10% of 
TNF, the reduction is 55%. When the SiO2 nanoparticles are added, a viscosity reduction is obtained 
due to the redistribution of the viscoelastic network formed by the asphaltenes present in the crude 
38. However, when the nanofluid (TNF) is added, the highest viscosity reduction is obtained. The 
viscosity reduction obtained by the addition of a nanofluid is produced by two main factors: 1) the 
effect of the solvent on the oil components dissolving the large molecules and 2) the effect of the 
nanoparticles by altering the viscoelastic network formed by the asphaltenes in the presence of resins, 
as shown previously in several publications,37, 38, 50, 57 nanoparticles have the ability to adsorb 
asphaltenes on their surface, inhibiting the self-aggregation of asphaltenes. In this way, a structural 
change is a surface, which produces the reduction of viscosity. Synergistic effects result from 
immersing the nanoparticles in a liquid medium, due to a more uniform distribution of the 
nanoparticles in the matrix of heavy crude oil, allowing greater points of contact between the heavy 
hydrocarbons and the nanoparticles. 
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Figure 4.3 Heavy oil viscosity as a function of shear rate in the presence or absence of SiO2 
nanoparticles, toluene, and TNF at different concentrations at 311 K. 
 
 
 Reduction of heavy oil viscosity with biodiesel-based nanofluids. 
The solvent used for the preparation of the nanofluids in this subsection was biodiesel. Biodiesel is 
by definition a biofuel or liquid biofuel produced from vegetable oils and animal fats,58 with soy 
being the rapeseed, and sunflower, the most commonly used raw materials worldwide for this 
purpose. The difference among nanofluids lies in the presence of surfactants of different chemical 
natures. Figure 4.4 shows the rheograms for HO, the suspension of SiO2 nanoparticles in the crude 
matrix at 1000 mg/L concentration, the mixture between heavy crude and the diluent used in 5 and 
10% nanofluid in volume, and BNF.  
Like TNF, as the diluent fraction increases, the viscosity decreases considerably. The shapes of all 
curves are Newtonian, so the viscosity does not depend on the shear rate, except for heavy crude, 
and similarly to TNF, the best performance is obtained at a concentration of 10%. The BNF presents 
the best performance of all the evaluated mixtures. Biodiesel is characterized by having a more polar 
behavior than toluene because it contains more oxygen in its chemical structure. According to 
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Table 4.1 shows the parameters of the Herschell-Bulkley rheological model for heavy oil samples 
with nanoparticles, biodiesel, and BNF. The flow behavior index H
n
 becomes closer to one as the 




Figure 4.4 Heavy oil viscosity as a function of shear rate in the presence or absence of SiO2 
nanoparticles, biodiesel and BNF at different concentrations at 311 K. 
 
Figure 5.5 depicts the performance of BNF, BTWNF, and BCNF compared to one another. The three 
nanofluids evaluated have high performance in terms of heavy crude oil viscosity reduction. 
However, the nanofluid without surfactant produces the greatest reduction in viscosity, which is 
probably caused by the relatively high concentration of surfactant used in the preparation of the 
nanofluid. We speculate that surfactant micelles inhibit the dispersion of the nanoparticles inside the 
liquid medium, and consequently, the performance of the nanofluid with a surfactant concentration 
is lower in comparison. The other nanofluids that contain surfactants in their formulation are less 
effective at viscosity reduction, which is why the internal movement of the fluid is difficult, and 
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Figure 4.5 Heavy oil viscosity as a function of shear rate of in the presence of BNF, BTWNF, 
BCNF at 10% and 313K. 
 
4.3.3 Steady-state measurements of heavy oil with 
nanofluids and naphtha. 
 
The objective of formulating a nanofluid capable of reducing heavy crude oil viscosity and applying 
it to transport processes is to find mixtures leading to savings in naphtha consumption. According to 
previous assessments, BNF (biodiesel + nanoparticles) as the best performing viscosity reducing 
agent for heavy crude oil. In this vein, mixtures of heavy crude oil and extra-heavy oil were prepared 
with BNF and naphtha, to meet the aforementioned standards of transportation and mobility of crude 
oil.  
By the same token, the mixture of solid nanoparticles with naphtha was evaluated with the objective 
of evaluating the performance of SiO2 nanoparticles on the rheology of heavy crude. Figures 4.6 and 
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 Mixtures of crude oil, SiO2 nanoparticles, and naphtha. 
The curves presented in Figure 4.6 illustrate the Newtonian behavior as naphtha is added to heavy 
and extra heavy crude mixed with 1000 mg/L of SiO2 nanoparticles. As expected, the viscosity 
reduction improves as the amount of naphtha in the blend increases. The lowest viscosity point is 
obtained for the heavy oil matrix when 18% of naphtha is added, which meets the viscosity required 
for transport. If we compare the latter result with Figure 4.2, we find that naphtha consumption 
required for the viscosity requirements diminishes from 27 to 18%, i.e., a reduction of 33.3%. 
 
 
Figure 4.6 Viscosity as a function of shear rate of mixes of a) Heavy oil + 1000 ppm of SiO2 
nanoparticles and naphtha, evaluated at 311 K. 
 
 Mixtures of crude oil, BNF, and naphtha. 
According to the previous rheological evaluation, the nanofluid composed of biodiesel and SiO2 
nanoparticles was selected as the best performing fluid. For this reason, the evaluation of mixtures 
of heavy crude oil, BNF and naphtha are presented in Figure 4.7 to determine the amount of diluent 
necessary to bring the mixture to the standard conditions of mobility (400- 500 cP to 311K). 
The use of 10 %v/v of the BNF allows viscosity reduction, thus generating savings in the 
















HO + 1000 mg/L SiO2
HO + 1000 mg/L SiO2 + 10% Naphtha
HO + 1000 mg/L SiO2 + 14% Naphtha
HO + 1000 mg/L SiO2 + 18% Naphtha
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determine the required amount of naphtha to bring the viscosity of the HO + 10% BNF mixture to 
optimum transport conditions, the mass base method proposed by Refutas59 was used, which is 
described below. 
A method proposed by Refutas59 were used to calculate an estimated amount of naphtha to bring the 
viscosity of the blend to about 450 cP. The method consist in the calculation of the Viscosity 
Blending Number (VBN) of each component, and the used to calculate the VBN of the liquid 
mixture, with the next equation:  
 
14.534 ln(ln( 0.8)) 10.975
i i
VBN x v  
 
(4.3) 
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    
(4.5) 
By factoring out the X value in equation (4.4), an estimated amount of naphtha of 13 %v/v is 
obtained. For this reason, a mixture of HO + 10% of BNF and 13 %v/v of naphtha was prepared, 
and its viscosity was measured at steady state at 311K and shear rate 0-100 s-1. The results, presented 
in Figure 4.7, demonstrate the effectiveness of the nanofluid composed of biodiesel and 
nanoparticles of SiO2 as a viscosity reducing agent for heavy crude oil. The curves reflect Newtonian 
behavior typical of this class of mixtures (heavy crude oil and diluent). The performance of the 
evaluated nanofluid can be measured in terms of savings in the consumption of naphtha that brings 
the mixture to standard conditions of mobility on the surface. In heavy crude oil, the reduction of 
naphtha consumption is 52%, since using 10% of BNF, it is necessary only to add 13 %v/v of 
Naphtha to reach the point of lower viscosity. 
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Figure 4.7 Viscosity as a function of shear rate of mixes of heavy oil + 10% of BNF and naphtha, 
at 311 K. 
 
Table 4.1 shows the parameters of the Herschell-Bulkley rheological model for heavy oil samples 
with nanoparticles and naphtha. Also, present are the flow viscosity index for each mixture 
evaluated. The flow behavior index H
n
 becomes closer to one as the amount of naphtha is increases, 
since the behavior tends to be more Newtonian. 
Because nanoparticles perform effectively through the interaction with the asphaltenes present in the 
crude oil, it is reasonable to assume that application of this technology to extra-heavy crude should 
perform equally or better. Therefore, we repeated some similar evaluations, but an extra-heavy crude 
was used instead.  
4.3.4 Effect of crude oil type. 
 
In this section, biodiesel-based nanofluid (BNF) results for another type of crude are analyzed. The 
intent is to determine if the proposed viscosity-reducing technology performs well with other oils. 
In this case, an extra-heavy crude oil was selected to examine the efficiency of this nanofluid. Like 
the tests performed on heavy crude oil, a rheological characterization was first carried out in the 
presence of naphtha, to serve as a baseline on the fraction of naphtha required to attain the necessary 
viscosity standard for transport processes. To further comparative results and thereby derive the 
















HO + 10% BNF
HO + 27% Naphtha
HO + 10% BNF + 13% Naphtha
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BNF in the presence of naphtha were evaluated. Finally, the dynamic test of pipe flow was carried 
out as before. 
 
 Steady-state measurements of extra heavy oil with naphtha.  
Figure 4.8 shows steady-state rheological measurements for EHO containing naphtha at 
concentrations of 0, 20, 30, 40, 50, 58 and 63%, in the shear rate range 0 - 100 s-1 and at 311 K. 
Similarly to the HO case, the shape of the EHO rheograms exhibits a non-Newtonian behavior 
corresponding to a shear thinning fluid. In contrast with the HO characteristics, the EHO viscosity 
is higher by approximately one order of magnitude and is mainly controlled by the high content of 
asphaltenes.56, 60 The rheology of EHO with different dosages of naphtha also shows a non-
Newtonian behavior, and for a fixed value of the shear rate of 50 s-1, the relative viscosity reduction 
is higher. A 63 %v/v of naphtha is necessary to reach the desired viscosity value.  
 
 
Figure 4.8 Extra-Heavy Oil viscosity as a function of shear rate in the presence or absence of 
naphtha at different concentrations of 0, 20, 30, 40, 50, 58 and 63% at 311 K. 
 
Table 4.2 shows the parameters of the Herschell-Bulkley rheological model for the extra heavy oil 
samples, in cases where nanoparticles, BNF, and naphtha were added. Also presented are the flow 
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to decrease the viscosity extrapolated at an infinite shear rate and the consistency index H
K
 by 
increasing the diluent content in the sample, as expected. The flow behavior index H
n
 approaches 
one as some diluents are increased, leading to a more Newtonian behavior. The mixture is having a 
flow viscosity index greater than one corresponds to that containing 63% of naphtha. Consequently, 
this is used as our reference or baseline result to examine possible savings in consumption of naphtha 
after introducing the BNF. The mixture having a flow viscosity index greater than one contains 1000 
mg/L of SiO2 nanoparticles plus 43 %v/v of naphtha. This latter result shows that mixing solid 
nanoparticles reduces the naphtha consumption, in contrast to other cases.  These preliminary results 
for BNF are encouraging and given that optimization is possible, the expected benefits could 
certainly greater, in turn potentially generating greater savings in the consumption of diluent. The 
results are similar to the obtained in above section for the heavy crude oil and its mixtures with 
nanoparticles/nanofluids.  
 
Table 4.2 Herschell-Bulkley model parameters and flow viscosity index for mixtures between 
EHO and naphtha. 
Treatment Dosage 
H-B model parameters 













None - 4499608 0.950 620000 0.92 9.1 0.01 
        
Naphtha 
20% 380135 0.964 13500 0.92 9.1 0.03 
30% 139510 0.989 6328 0.93 8.2 0.07 
40% 128574 0.991 2995 0.91 7.8 0.14 
50% 34405 0.993 1412 0.90 9.2 0.25 
58% 28713 0.995 635 0.90 9.6 0.54 
63% 11663 0.997 345 0.91 9.7 1.25 
        
SiO2 1000 mg/L 167304 0.971 235000 0.93 8.0 0.02 
        
SiO2 + 
Naphtha 
1000 mg/L  + 20% 109689 0.989 9300 0.91 9.2 0.04 
1000 mg/L  + 30% 34263 0.989 3430 0.90 9.8 0.12 
1000 mg/L  + 43% 6391 0.993 525 0.91 9.4 0.97 
        
BNF 10% 1893 0987 445 0.99 2.1 0.94 
        
BNF + 
Naphtha 
10% + 26% 1663 0.997 345 0.91 9.3 1.25 
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 Steady-state measurements of extra-heavy oil with nanofluids and 
naphtha. 
 
Figure 4.9 shows the viscosity of the extra-heavy crude blend with 1000 mg/L of SiO2 nanoparticles 
and naphtha. Similar to the heavy crude blend, viscosity reduction occurs as the amount of diluent 
is increased. For this case, the lowest viscosity point is obtained when 43% of naphtha is added. 
Compared to the case in the absence of nanoparticles, a reduction in naphtha consumption of 32% is 
obtained (from 63 to 43%). 
 
 
Figure 4.9 Extra - heavy oil viscosity as a function of shear rate of in the presence or absence of 
SiO2 nanoparticles, and naphtha at different concentrations at 311 K. 
 
Once again, the Refutas59 method to estimate the viscosity of the mixture was used to try to find an 
estimated amount of naphtha that when blended with extra heavy oil plus 10% BNF, could reduce 
the viscosity to attain a flow viscosity index equal or greater than 1. According to this method, it is 
possible to calculate an estimated amount of naphtha. The estimated amount of naphtha of 26% is 
and rheological measurements at 311K corroborate the validity of the estimate. Results are shown 
in Figure 10. Similarly, in the extra-heavy crude blend, the nanofluid performs well, resulting in a 
decrease in viscosity of the crude oil to the standard, using 10% of BNF with 26 %v/v of naphtha. 
Thus, by comparing the mixture without nanofluid, a reduction in the consumption of naphtha of 
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Figure 4.10 Extra - heavy oil viscosity as a function of shear rate of in the presence or absence of 
SiO2 nanoparticles, BNF, and naphtha at different concentrations at 311 K. 
 
Table 4 shows the parameters of the Herschell-Bulkley rheological model for extra heavy oil 
samples, BNF, and naphtha. Also, presented is the flow viscosity index for each mixture evaluated. 
Similar to the results obtained from the heavy crude oil, the combination of nanofluid produced with 
biodiesel and 1000 mg/L of SiO2 nanoparticles with 26% of naphtha in an extra heavy crude matrix 
generates viscosity reductions reaching values close to 1 in the flow viscosity index, which 
guarantees a good performance of the technology to improve the transport conditions of heavy crude. 
In this way, it was then decided to evaluate the nanofluid in dynamic tests of flow through pipes. 
 
4.3.5 Dynamic flow test. 
 
To evaluate the BNF, two mixtures were prepared for each crude oil: For the HO matrix, the mixtures 
prepared were: 1) HO with 27% naphtha and 2) HO with 10% of BNF and 13% naphtha. For the 
EHO matrix, the mixtures prepared were: 1) EHO with 63% naphtha and 2) EHO with 10% of BNF 
and 27% naphtha, the tests were performed by flowing the mixture at a constant flow rate of 5 
ml/min, at two temperatures, 298 and 313 K. The fluid volume was approximately 1000 ml. This 
volume quantity guarantees a fully developed flow where the pressure differential is stabilized. This 
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Figure 4.11 shows the pressure differential for the flow of the two mixtures prepared with HO. Curve 
a) presents the value of the pressure differential and, the ratio between the flow rate and pressure 
differential at 298 K for HO matrix. Curve b) shows the same that curve a), but at 313 K. Figure 4.11 
shows the results of the dynamic flow test through the pipeline for the two mixtures composed of 
naphtha, heavy crude oil, and BNF. At the beginning of the test the pressure differential varies up to 
50 ml of injected fluid, this is completely normal because the system has not yet been filled, so it is 
necessary to do the analysis after a 50 ml volume injected in this part of the test, and the flow is fully 
developed and the pressure differential reaches a constant value during the rest of the test. Both fluids 




Figure 4.11 Dynamic flow test: Pressure differential against injected volumes of mixtures with 
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At 313K, the pressure differential is very similar for both fluids, at approximately 8 psi. As expected, 
the pressure differential at higher temperature decreases considerably due to the change in viscosity 
of the fluid, hence, it offers less resistance to flow. The results are again conclusive and confirm that 
nanotechnology can be used as an alternative technique to improve surface transport conditions of 
heavy and extra-heavy crude oil. Reduced consumption of solvent and energy consumption to 
transport the heavy/extra heavy crude through the pipeline. Similar to the tests developed for heavy 
crude oil, the two mixtures flow viscosity index was equal to or greater than 1 were prepared, which 




Figure 4.12 Dynamic flow test: Pressure differential against injected volumes of mixtures with 
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The mixtures were EHO + 63% naphtha and EHO + 10% BNF + 27% naphtha. Figure 4.12 shows 
the pressure differential for each mixture evaluated at 298 and 313 K respectively. The pressure 
differential is very similar for both fluids, which at 298K is close to 18 psi, and close to 9 psi at 
313K. As expected, the pressure differential at higher temperature decreases considerably due to the 
change in viscosity of the fluid. Thus it offers less resistance to flow. The results are again conclusive 
and confirm that nanotechnology can be used as an alternative technique to improve surface transport 
conditions of heavy and extra-heavy crude. 
 
4.3.6 Preliminary economic and environmental impact 
analyses. 
 
 Environmental advantages. 
A scenario where the consumption of naphtha is reduced and replaced by biodiesel should in 
principle be more environmentally friendly. It is worth recalling that biodiesel offers advantages, 
such as conservation of the planet's natural non-renewable resources,58, 61 ideal for low emissions in 
marine areas, national parks, and forests and especially in large cities, comes from a renewable 
resource and is biodegradable, free of sulfur,58, 62 benzene and potentially carcinogenic flavorings, 
has products derived from the residue of its process as glycerin and organic fertilizers, reduces soil 
pollution and toxicity risks. In the case of accidental spillage, the advantages associated with being 
a biodegradable and non-toxic product enhance its profile as a substitute for petroleum-derived 
diluent.58 On the technical side, the use of the nanoparticles in the proposed mixture does not generate 
an additional difficulty because nanoparticles do not have to be removed in a post-transport process, 
as the proposed amount is very small, and therefore it meets the minimum requirements of dispersed 
solids.  In refining processes, it has been shown that the nanoparticles have high catalytic activity, 
which would favor a subsequent cracking process.63, 64 The biodiesel has an excellent lubricity and 
greater flash point, which results in greater safety. All these characteristics make it a product much 
friendlier than naphtha. In addition, Colombia stands out as one of the countries with the greatest 
potential to produce biodiesel in Latin America,65, 66  with a production that exceeds 500,000 tons 
per year in the last 5 years, placing the country as one of the production leaders in South America 
located third after Argentina and Brazil.66 Another impact on the economy since biofuels 
implementation was the reduction of gasoline imports from 16 thousand barrels per day to just one 
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thousand bpd.66 In this way, the use of biodiesel meets all expectations to position itself in the market 
of the Oil & Gas industry. 
The proposed technology suggests the use of lower naphtha content, which would yield risks from 
the point of view of risks. In addition, the possibility of segregation/separation of fluids or 
precipitation of heavy molecules would be eliminated by the presence of lower amounts of naphtha 
in the mixture67 consequently mitigating the risk of having a multiphase system that hinders the 
conditions of transport at critical points . A decrease in the naphtha content reduces the system's 
vapor pressure, reducing the risk of explosion by reducing the fraction of volatile components. In 
the case of explosion due to external causes (heating pipe, turbulence, terrorist attacks, among others) 
the pollution produced would be much smaller compared to the mixture with higher naphtha content. 
In the following calculation, an estimate of the vapor pressure and boiling booms of the considered 
mixtures is presented. For the calculation of the saturation pressure of the two mixtures the 
commercial software, CMG WINPRO Version 2016.10.6024 (Copyright © Computer Modelling 
Group Ltd 2016) was used, based on the Peng Robinson equation of state (PR_EOS).68 The input 
data to the software was the composition of the fluids, which was obtained by a simulated distillation 
test based on the ASTM D7169. The mixture composed of EHO and Naphtha (63 %v/v) has a 
saturation pressure of 401 psi computed by CMG WINPRO Version 2016.10.6024 (Copyright © 
Computer Modelling Group Ltd 2016). Meanwhile, for the mixture composed of nanofluid (10 
%v/v) and naphtha (27 %v/v), the saturation pressure turned out to be roughly 389 psi. The decrease 
in the saturation pressure of the mixture consequently increases its boiling temperature. This 
indicates that, as expected, moving in the direction of lowering the naphtha fraction through the 
addition of nanoparticles will produce environmental and operational risk-reducing benefits.  
 
 Dilution costs. 
 
In this section, we present a preliminary, simplistic financial analysis, some of which include the use 
of nanoparticles, mostly for comparison. The simplified economic analysis was conducted on a 
yearly basis using average economic indicators in Colombia in 2016. Light naphtha of good quality 
was preferentially used; its average price is 80 USD$/bbl.69, 70 The price for silica nanoparticles was 
calculated by the price of Petroraza SAS (Medellín, Colombia), corresponding to 70 USD$/kg. The 
analysis was performed considering the use of nanofluid composed of biodiesel and SiO2 
nanoparticles, and the use of nanoparticles of silica mixed directly with naphtha. Both mixtures allow 
the reduction in the consumption of naphtha in extra-heavy crude oil. The cost of dilution of the 
extra-heavy oil used corresponds to the cost related to the consumption of naphtha, in this case, 63 
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%v/v. When using nanoparticles mixed with naphtha, that amount is reduced to 43%. If 10% of the 
BNF is used, the amount of naphtha is reduced to 27 %v/v. To carry out the exercise, the production 
field of the extra-heavy oil used for the development of the experiments was taken as reference a 
crude oil production of 10,000 bpd. The costs associated with the process are presented in Table 4.3. 
 
Table 4.3 Economic impact of dilution with the use of nanotechnology in heavy and extra-heavy 
oil 

















HO 27 296.000 - - 296.000  
HO + SiO2 Np’s 18 175.600 111.300 - 286.900 3% 
HO + 10% BNF 13 135.000 111.300 152.380 398.680 -35% 
EHO 63 1,360.000 - - 1,360.000 - 
EHO + SiO2 Np’s 43 600.000 111.300 - 711.300 48% 
EHO + 10% BNF 27 343.000 111.300 152.380 606.680 55% 
 
According to these results, if heavy crude oil is used, savings are only available when SiO2 
nanoparticles are used, roughly 3% of economic savings. Economic break-even point when 
nanofluid is used is that where the difference in naphtha consumption represents a higher value than 
the use of nanoparticles and biodiesel, in mixtures of heavy crude consuming more than 30% of 
naphtha, can be surpassed that point of equilibrium. In the case of extra-heavy crude oil, considerable 
energy savings are obtained with more than 50% is presented for each mixture evaluated. If we 
consider the consumption volumes of naphtha per year in Colombia, 70,000 bpd, this represents 
savings of more than 2.5 USD$ million per day. As a result, the potential high impacts of the 
proposed technology to improve the transport conditions of heavy crude, the performance meeting 
technical, economic and environmental benefits are clearly illustrated.  
 
 Energy savings in pumping fluids. 
 
If we consider the crude oil production of a field at 10,000 bpd, the final mixture containing 63% of 
naphtha produces a total volume of a mixture of 27,000 bpd of the mixture. The mixture containing 
nanoparticles contains 43 %v/v of naphtha, so for that reason, the volume of the mixture will be 
17,500 bpd of the mixture. The mixture containing 10% of BNF contains 27% of naphtha, therefore 
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the volume of the mixture would be 15,800 bpd. In this way, it is possible to transport a higher net 
amount of crude per unit time using nanoparticles / nanofluids, or if the same amount of crude per 
unit of time is transported, the efficiency of the pump would be higher, and the energy consumption 
much lower. Equation (4.6) allows calculating the work performed by the pump, if it is calculated 
per unit time considering that the pressure differential is similar for the two fluids, the variation is 











If we consider that the pressure changes are modest, the compressibility of the fluid can be neglected, 
and thereby the pumping power can be calculated as: 




To perform the economic evaluation exercise, the production of the same field of heavy crude oil 
used as an example to perform calculations of diluent dilution was considered. This corresponds to 
a daily production of 10,000 bpd of extra heavy oil. The average price of electric power in Colombia 
in 2016 was 330 $/kWh,71 which by the way is the fourth most expensive in Latin America. For 
comparison purposes, Colombia has higher costs with respect to the United States (78% more 
expensive), Peru (59%), Mexico (30%) and Ecuador (25%) 71, so if we use a fluid that reduces energy 
needs in terms of pumping power, it will also generate interesting economic savings. 
Table 4.4 presents the economic saving generated by the decrease in the electric energy required to 
pump the crude oil. 
 
Table 4.4 Economic analysis of the cost of pumping by pipelines using nanofluids 






















HO 27 13.700 0.026 12 82.736 2.531 6.681 - 
HO +  
10% BNF 
13 12.900 0.023 12.1 83.426 2.257 
5.960 11% 
EHO 63 27.000 0.05 14 96.500 5.676 14.986 - 
EHO + 
10% BNF 
27 15.800 0.03 14.6 100.600 3.551 9.374 37% 
*  Value taken from Figure 2.12, averaging the values at two temperatures 
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From this analysis, it can be determined that an additional saving potential at the simple cost of 
naphtha, the reduction in energy consumption per mixture pumping is 11% for heavy oil, and 37% 
for extra-heavy oil. This value represents a reduction in costs of more than 5,500 USD$/d, which 
per-year basis generates savings of over USD$ 2 million. In addition, we believe that the start of the 
pumps can be benefited when using a mixture containing nanofluids. In previous work,38 we show 
that the presence of nanoparticles in the heavy crude generates an alteration of the internal structure 
of the oil and produces a considerable decrease in the yield stress, which impacts directly pumping 
and on the starting point. 
Likewise, the transport capacity of the pipeline decreases by 40%, which means that if we use 
nanofluids to optimize transportation, we can increase production management at the surface by 
40%, without the need to build new transportation systems, as the same infrastructure would support 
an increase in production and transportation volumes. This would not happen if nanofluid were not 
used, because of the high volumes of naphtha. In this way, it is possible to generate a reduction in 
capital expenditure (CAPEX) in the pipeline requirements, because, as mentioned earlier, higher 
volume of oil can be transported with the same infrastructure as more net oil mass can be pumped. 
Another aspect in favor of this technology is the ease in the storage of the diluent (Naphtha), because 
the consumption is reduced considerably, and consequently, it is necessary an infrastructure for the 
storage of smaller cost and smaller size. 
 
4.4 Partial conclusions 
 
 The effect of fumed silica nanofluids synthesized on the rheological properties of heavy and 
extra heavy crude was evaluated through rheological tests at steady-state conditions and in 
dynamic flow tests through a small-scale pipeline, mixing crude oil, nanofluid, and naphtha.  
 Four nanofluids were synthesized with different solvents, namely Toluene, Biodiesel, and 
Biodiesel with surfactants, one ionic and another non-ionic. The criterion for determining 
the effectiveness of nanofluid was the reduction in the consumption of naphtha required to 
bring heavy and extra-heavy crude oils to the standards defined for surface mobility, 400-
500 cP at 311K.  
 Mixtures of heavy crude and extra-heavy crude oils were made with naphtha until the point 
of the viscosity of mobility was determined. To reach the minimum viscosity point, it was 
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necessary to add 27% of Naphtha to the blend with heavy crude and 63% of the blend with 
extra-heavy crude. The addition of 10% of nanofluid prepared with biodiesel and 1000 mg/L 
of SiO2 nanoparticles is the one with the best performance in reducing the viscosity of the 
heavy/extra-heavy crude oils, resulting in savings in consumption of naphtha close to 50%, 
reaching the viscosity needed to move the crude.  
 Using dynamic tests of flow in a pipeline, the pressure differential during the flow of 1000 
ml of the mixture was measured. It was found that the blend of extra-heavy crude with 10% 
nanofluid and 27% naphtha needs the same pressure differential as the blend composed of 
extra-heavy crude and 63% of naphtha, and for the blend of heavy crude with 10% nanofluid 
and 13% naphtha needs the same pressure differential as the blend composed of heavy crude 
and 27% of naphtha  
 By means of a simplified economic analysis based on a conventional mass balance, savings 
of roughly 50% can be obtained in comparison with the habitual consumptions, equivalent 
to more than USD $2.5 million per day. Also, there is a potential for energy savings in the 
pumping of heavy and extra-heavy crude oils, the required power and capacity of use of the 
pipeline is lower when using nanofluids, which generates savings close to 37%, generating 
savings of more than USD $2 million per year, and the possibility of increasing the volumes 
of production using the same infrastructure.  
 Additionally, a discussion is presented from the environmental point of view, and the 
advantages of reducing naphtha consumption  showed potential environmental benefits 
through risk mitigation. In this way, the performance of nanofluid is verified as an 
optimizing agent for the transport conditions of heavy and extra-heavy crude oils, and it 
opens a promising technique to generate savings in the energy and fuel consumptions of the 
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5. Effect of the Nanotechnology on the Heavy Oil 
Mobility on Porous Media at Reservoir 
Conditions. 
Asphaltenes are refractory molecules with high molecular weight that can impact the different stages 
of the production system and refining streams.1 Asphaltenes contain heteroatoms such as O, N and 
S and metals such as Ni, Fe and V. The presence of heteroatoms and  their location in the structure 
make asphaltenes the most polar molecules present in crude oil, leading to their self-association and 
further formation of large asphaltic flocs. These flocs also cause an increase in the HO viscosity, 
which in some cases leads to formation damage1-4 and precipitation/adsorption problems in 
production facilities.2, 5, 6 At high concentration of asphaltene, namely > 40000 mg/L, the increase in 
viscosity is mostly due to the formation of a viscoelastic network of  nanoaggregates.7, 8 In addition, 
sulfur can form strong C-S and C=S bonds, which can also contribute to an increase in the crude oil 
viscosity.4, 9 
To improve production, transport and refining of HO and EHO, several techniques under reservoir 
and surface conditions have been used, namely: i) emulsification of oil-in-water (O/W) emulsions10-
12 that can drastically reduce the fluid viscosity and hence improve the crude oil mobility; ii) use of 
annular flow as a method for reducing the drag forces;13-16 iii) deasphalting oil using CO2,17-19 n-
alkanes of low20-22 and high molecular weight;23, 24 iv) application of thermal processes based on heat 
injection through steam and other gases25-29 to reduce oil viscosity; and 5) in-situ upgrading such as 
the various modes of air injection, e.g. in-situ combustion (ISC,30, 31) thermal cracking4, 32-34 and its 
catalytic variations.35-37  
One of the most frequently used techniques for reducing HO and EHO viscosities has been the 
dilution with solvents and light hydrocarbons such as naphtha,38-40 toluene,41 xylene,39 gasoline,42 
diesel,43, 44 light oil,41 or mixtures thereof45  as well as some chemical compounds based on R=O 
(butanone type, among others).45 Several authors have reported on the dilution of HO and EHO45-48 
with different solvents and the changes to the rheological behavior of mixed fluids.46, 49, 50 Recently, 
Mortazavi-Manesh and Shaw51 studied the effect of toluene, n-heptane and a mixture 50/50 vol% of 
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toluene and butanone on the rheological properties of Maya crude oil as a function of temperature. 
Their results showed that the mixture of toluene + butanone caused the largest viscosity reduction.  
Naphtha has been so far the most used diluent.47, 52, 53 In some instances, mainly in Venezuela and 
Colombia, the quantity of naphtha used in the upgrading of these crude oil types can reach 20-40 
vol%.48 Adding naphtha can effectively reduce the viscosity and increase the API gravity of HO and 
EHO.46, 49, 51 The excessive use of naphtha for diluting crude oil implies an increase in the operational 
costs,41 becoming an impractical technology.41 Dilution with naphtha is an unfriendly technology for 
humans due to its lower boiling point, 100% volatiles content,  and low explosive limits.41  
Nanoparticles have  been used by the oil industry for formation damage inhibition,54-57 HO and EHO 
upgrading,58 enhanced (EOR) and improve oil recovery (IOR) processes,56, 59 and wastewater 
remediation.60 Due to their particle sizes, between 1 and 100 nm, large available surface area, high 
dispersibility and tunable physicochemical characteristics, nanoparticles are prone to selectively 
adsorb asphaltenes and inhibit their self-association. 61  In a previous study,56, 59, 62 our research group 
focused on using silica, γ-alumina and magnetite nanoparticles to inhibit the aggregation of 
asphaltenes under varying temperature, solvent ratios and asphaltene concentration.59 Silica 
nanoparticles can induce a significant reduction in the asphaltene to mean aggregate size, which 
could   prevent the formation of large viscoelastic networks and reduce the oil viscosity as a result. 
However, to the best of our knowledge, there are no studies reporting the rheological behavior of 
crude oil in the presence of nanoparticles and their impact on relative permeability curves and crude 
oil recovery (%) under flow conditions in porous media at typical reservoir temperature and pressure, 
based on “huff-n-puff” type estimulations. In this order, the aim of this chapter is to evaluate the 
effect of nanoparticles on the rheological properties of a Colombian HO at varying conditions of 
temperature, shear rate and dosage of nanoparticles.  In addition to rheological responses, 
coreflooding tests at reservoir conditions were also performed.  The results in this thesis are expected 





n-Heptane (99%, Sigma-Aldrich, St. Louis, MO), and Toluene (99.5%, Merck KGaA, Germany) 
were used as received. A Colombian heavy crude oil of 13°API and a viscosity of 1.2 х 105 cP at 
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298 K was used. The elemental analysis of asphaltenes shows a C: 81.4 wt%, H: 7.5 wt%, O: 8.8 
wt%, N: 2.3 wt%. A non-ionic surfactant, Tween 80 (Sigma-Aldrich, St. Louis, MO), was used for 
dispersing the nanoparticles in the water-based nanofluid. The nanofluid was prepared using distilled 
water with a conductivity of 3 μS/cm. The nanoparticle choose to evaluation according to the results 
shows in the others chapters of this thesis was unmodified silica (S8). 
The carrier fluid used was composed of a mixture of distilled water and 2 wt% surfactant. The 
procedure followed for the preparation of the nanofluid is described elsewhere,63, 64 In brief, the 
nanoparticles and the carrier fluid are stirred at 500 rpm for 20 minutes at room temperature, then 
subject to ultrasound for 12 hours at 298 K. The nanofluid has a viscosity of 8.2 cP, a density of 0.96 
g/cm3 and a pH 7.3. The properties of the prepared nanoparticles and heavy oil are summarized in 
Chapter 1  
5.1.2 Methods  
 Evaluation of nanoparticles/nanofluids as viscosity reducers  
 
Rheological measurements were performed using a Bohlin rotational rheometer C-VOR 200 
(Malvern Instruments, Worcestershire - UK), equipped with a Peltier plate for temperature control, 
with a plate-plate geometry with a diameter of 20 mm and a gap of 150 microns.  To analyze the 
change in viscosity induced by the addition of nanoparticles. The optimal concentration was used. 
at room temperature at shear rate values 0 – 100 s-1. Each measurement was repeated three times.  
A nanofluid prepared with water + 2% v/v of nonionic surfactant and the best-performing 
nanoparticles in adsorption tests as well as tests of aggregates n-C7 asphaltenes fragmentation. The 
nanoparticle concentration in the nanofluid was variable ensuring nanoparticles concentrations in 
heavy oil of 0, 10, 1000, 10000 and 40000 mg/L. A fixed dosage of nanofluid of 4% v/v was added 
to HO and viscosity measurements were conducted at a constant shear rate of 10 s-1. After this, the 
optimal concentration was selected to run the complete rheological study between 0 – 100 s-1 at a 
temperature of 298 K.  
 
 Coreflooding tests 
From the analysis of relative permeability curves and oil recovery, before and after the treatment, 
the effect of nanoparticles on the mobility of oil at reservoir pressure and temperature conditions can 
be evaluated.   
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We anticipate that the penetration of nanoparticles suspended in an aqueous medium will modify the 
flow behavior of the oil phase once they enter in direct contact with it, increasing its mobility in 
addition to altering the wettability of the porous medium. The selected core has a length of 25 cm, 
with a diameter of 3.81 cm and a porosity of 11%. The injection fluid consisted of a synthetic brine 
of 2 wt% of KCl. The core absolute permeability was estimated as 1.1 Darcy, through the injection 
of 20 pore volumes (PV) of the prepared brine until reaching steady state. The nanofluid used for 
performing the test is prepared according to the results of the rheological measurements according 
to the one that generates greater viscosity reduction.  Figure 5.1 presents a schematic representation 
of the experimental test. During the coreflooding tests, pore and overburden pressures were 
maintained at 2600 and 3600 psi, respectively.  The operating temperature was set at 360 K. 
 
 
Figure 5.1 Schematic representation of the coreflooding system: 1) core holder, 2) core (Ottawa 
Sand packing), 3) pore pressure transducer (diaphragm), 4) pump one – positive displacement 
pump, 5) pump two, 6) displacement cylinder, 7) filter, 8) pressure multiplier, 9) manometer, 10) 
valve and 11) test tube. 
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The “base system test” aimed at determining the oil and water relative permeabilities in the absence 
of nanoparticles. Regardless of the origin and mineralogical composition of the porous media, during 
the producing life of a reservoir, the reservoir’s wettability can vary 38. For this reason, the “base 
system test” consisted of subjecting the porous media to a period of aging time needed for wettability 
restoration 
This is achieved by continuous injection of heavy oil for 15 days. Once the system is assumed to 
have become more oil-wet, oil (ko) and water (kw), corresponding to the end-point effective 
permeabilities of the oil and water phases, respectively, are measured. This is performed first by 
injecting 20 PV of water at conditions of residual oil saturation (Sor) followed by 20 PV of oil at 
conditions of residual water saturation (Swr). Then, oil (kro) and relative water permeability (krw) 
and oil recovery curves are obtained. Posteriorly, the sample is saturated with oil again, in a 
secondary drainage process, in order to prepare the core for nanofluid injection. The “post 
nanoparticles injection” system is obtained by injecting 1 PV in production direction and then letting 
it soaking for a period of 12 h. Then values of ko, kw, krw, kro and recovery curves are constructed 
following the aforementioned procedure.  
 
5.2 Modeling 
5.2.1 Rheological model  
 
Two rheological models extensively evaluated in the literature, i.e. Cross and Carreau, also known 
as Power Law rheological models, were used.65-67 The temperature effect on the flow behavior index 
(N or m) was investigated. The flow behavior index relates to the behavior of the fluid, whether it is 
more or less Newtonian, which for values less than 1 is considered pseudo-plastic 65. The asymptotic 
viscosity parameters (
0, and , ) indicate the behavior of the fluid when subjected to conditions 
corresponding to zero and infinite stresses. The characteristic relaxation time ( c and c )  refers to 
the time required for the fluid to exhibit a response to a perturbation generated by agitation, which 
for a Newtonian fluid is 0. 
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Table 5.1 Rheological models evaluated 
Model Parameter Equation 
Cross 
 (cP):  Viscosity 
c
 (s):      Characteristic relaxation time 
 (s-1):    Shear Rate 
m :            Constant    
, (cP):  Viscosity at infinite shear rate 
















      (4) 
Carreau 
 (cP):     Viscosity 
c
 (s):           Characteristic relaxation time 
 (s-1):      Shear Rate 
𝑁:             Constant    
, (cP): Viscosity at infinite shear rate 
















   (5)
 
 
5.3 Results   
 
Results are divided into two sections: i) rheology measurements of crude oil in absence and presence 
of nanoparticles/nanofluid and ii) effect of nanofluid on heavy oil mobility under reservoir 
conditions. Rheology tests were performed for various nanoparticles/nanofluid dosages, 
temperatures, and shear rates. 
5.3.1 Effect of nanofluid on oil viscosity. 
 
It is noticed that the addition of solid nanoparticles to heavy crude oil generates a viscosity reduction, 
which offers the necessary conditions for optimizing oil mobility. However, for a possible industrial 
IOR application, nanoparticles have to be suspended in a carrying fluid in order to supply injectivity 
requirements. Particles in a liquid medium will have greater dispersion thus can come into contact 
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with as much fluid as compared to the case if solid nanoparticles are added. The performance of a 
nanofluid formed by the mixture water-surfactant-nanoparticles was evaluated. Five nanofluids with 
different contents of nanoparticles, i.e. 10, 100, 1000, 10000 and 40000 mg/L, were mixed 
individually with HO at percentages of 4 and 96% v/v, respectively. The viscosity of the mixtures 
was measured at 298 K and a fixed shear rate of 10 s-1, along with the degree of viscosity reduction 









   (6) 
where, ref and nanof  are the reference and the after-nanofluid-inclusion viscosity values, measured 
at 10 s-1, respectively.  
Figure 5.2 shows the viscosity reduction produced by the addition of the prepared nanofluids. Again, 
it is seen that as the concentration of nanoparticles increases in the nanofluid, the mixture viscosity 
decreases. The optimum point is at a concentration of 1000 mg/L, as we seen in previous chapter, 
where a maximum DVR is obtained. However, with increasing concentration of nanoparticles up to 
10000 and 40000 mg/L, the DVR is much lower (33%), which is possibly due to aggregation of the 
solid particles in the nanofluid, hence reducing interaction with asphaltenes present in crude oil. 
 
  
Figure 5.2 Viscosity of crude oil in absence and presence of nanofluid with different 
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In order to analyze the effect of nanofluid designed to reduce the oil viscosity, rheological tests as a 
function of shear rate were conducted with silica nanoparticles and the carrier fluid alone to discern 
the individual effect of each component. A concentration of 1000 mg/L of S8 nanoparticles and 4% 
v/v of the prepared carrier fluid were selected. Figure 5.3 show the viscosity as a function of shear 
rate for the crude oil in absence and presence of the prepared carrier fluid at 4% v/v, S8 nanoparticles 
at 1000 mg/L the selected nanofluid. It is observed that the treated samples followed the same trend 
as the untreated sample but has lower values due to the addition of the nanofluid. As can be seen in 
Figure 5.3, there is a high impact in reducing oil viscosity by adding only the carrier fluid medium 
(nanofluid without nanoparticles). The maximum viscosity change occurs at low shear rate values. 
The effect yielded on the sample by the nanofluid can be seen even at low agitation conditions. It 
can be noticed that under these conditions, the slope is greater, showing high viscosity DVR. When 
evaluating the DVR as a sum of the effect generated by the addition of nanoparticles plus the effect 
generated by the addition of the carrier fluid separately, an approximate 94% reduction is obtained. 
However, to directly evaluate nanoparticles dispersed in fluid, a DVR of 99% is obtained. However, 
it is necessary to analyze these reductions in viscosity as changes in orders of magnitude, when added 
separately nanoparticles and carrier fluid, the viscosity reduction is about one order of magnitude, 
whereas when the nanofluid is added with the dispersed nanoparticles, the reduction is about two 
orders of magnitude, and here lies the importance of using nanofluid with nanoparticles dispersed in 
it. By using the nanofluid, a synergistic effect is observed that reduces the viscosity more than when 
the carrier fluid and nanoparticles are used separately. In effect, the addition of a liquid medium to 
transport the nanoparticles is favorable for reducing viscosity, which could be due to two main 
reasons: 1) the liquid medium serves as a partial extender of oil, and 2) the nanoparticles are scattered 
in the medium and when mixed with oil they can occupy more space and foster greater contact with 
the asphaltenes present in crude in comparison to the case when they are mixed in solid form 62.  
However the viscosity change generated only by the addition of nanofluid compared with the 
addition of either solid nanoparticles or only the carrier fluid, is larger than the untreated crude oil 
or adding solid nanoparticles, concluding that the nanoparticle interaction with asphaltene has a 
greater impact on the viscosity reduction over the dilution phenomenon that can generate the amount 
of surfactant added to nanofluid. 
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Figure 5.3 Viscosity as a function of shear rate for crude in absence and presence of the prepared 
carrier fluid at 4% v/v, S8 nanoparticles at 10000 mg/L the selected nanofluid. 
 
In Table 5.2, the parameters of all models evaluated for mixtures between HO matrix and 
nanoparticles/nanofluids are presented. The model that best fits the experimental data of mixtures of 
oil with nanoparticles/nanofluid is the Cross model. The data follow a sensible trend for curves that 
have a viscosity reduction at all shear rates evaluated. 
Parameters related to the viscosity at zero and infinity shear rates, are consistent with the 
experimental data following a well-defined trend as the content of nanoparticles/nanofluid in the HO 
matrix is increased. The constant m , related to the flow index, suggests that fluids exhibit non-
Newtonian behavior, but tending to increase up to 1, and this can occur because the fluid in the 
presence of nanoparticles/nanofluids reaches a more Newtonian behavior at lower rate shear 
compared to the untreated crude oil. Several authors have modeled the rheological behavior of heavy 
crudes based on the content of asphaltene4, 68, 69 and the consistency of the sample. Ghanavati et al.4 
define the constant of solvation as the ratio of the volume of the solvated asphaltene particles after 
dispersion to the volume of the dry asphaltene particles before dispersion, and this value is directly 
proportional to viscosity, i.e. if the viscosity decreases, also the constant of solvation decreases. If 
we consider that the viscosity of the fluid decreases in the presence of nanofluid, possibly due to a 
change in the structure of asphaltene, more specifically the relationship between the size before and 
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concentration of nanoparticles/nanofluids in the medium is increased. Therefore, the system presents 
a greater delay in reaching equilibrium when subjected to a disturbance, which is possibly due to the 
change in the internal structure of the fluid associated with the presence of nanoparticles.  
 
Table 5.2 Parameters of rheological models for crude oil on presence of S8 nanoparticles, carrier 




10000 mg/L of 
nanoparticles Carrier fluid 
Nanofluid with 
10000 mg/L of 
nanoparticles 
Cross 
𝑚 1.58 1.25 1.63 2.29 
µ∞,𝛾х10
3 (cP) 65.45 27.5 9.18 0.6 
µ0,𝛾 х10
3 (cP) 874 698 342 159 
𝛼𝑐  (𝑠) 0.16 0.196 0.77 0.78 
RSME 2.75 2.41 4.06 8.88 
      
Carreau 
𝑁 0.62 0.46 0.66 0.97 
µ∞,𝛾х10
3 (cP) 69.3 33 4.8 4.02 
µ0,𝛾 х10
3 (cP) 851 642 340 158 
𝜆𝑐  (𝑠) 0.45 0.31 1.84 1.87 
RSME 5.15 8.05 8.12 7.55 
 
5.3.2 Coreflooding test 
 
The nanofluid yielding the best results as a modifying agent of oil flow properties is used. According 
to rheological measurements, S8 nanofluid was used in corefloods. Figure 5.4 shows the relative 
permeability curves for each scenario evaluated. For the construction of relative permeability curves 
in heavy oil, a drawback occurs because the water/oil viscosity ratio is very low, making it difficult 
to observe the contrast of the two curves as the curve relative water permeability lies well below the 
oil. For the construction of relative permeability curves, the absolute permeability is used as a 
reference permeability to reduce uncertainties. Relative permeability curves are constructed 
according to the analytical model developed development by Buckley and Leverett,70 and expanded 
by Johnson, Bossler, and Naumann (JBN technique).71 The JBN technique is frequently used to 
derive the relative permeability experiments in transient or unsteady-state conditions. Ko values for 
the base and the after nanoparticles systems were 453 and 1017 mD, respectively.  
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It can be observed in Figure 5.4 that the Kro curve for the treated system is higher than that for the 
base system, indicating that the treatment is effective in increasing the relative permeability of oil. 
The mobility of crude oil depends on two main factors, the viscosity and the relative permeability, 
which in turn depends on the system’s wettability.56, 72 Hence, it could be inferred from the results 
of the static tests, that the nanofluid inclusion reduces the oil viscosity and therefore increases the 
mobility of oil in the porous medium. In addition, wettability changes are apparent as residual 
saturations of water and oil reflect a change in the wetting state of the system after injecting the 
nanofluid. Table 5.3 shows the effective permeabilities at residual fluid saturations obtained in the 
core-flooding tests and the state of saturations for each system. Comparing the results before and 
after the injection of nanofluid, it is possible to determine changes from 5.6 to 12.8% in the case of 
Swr and from 23.1 to 10.4% for Sor from the systems before and after nanofluid inclusion, 
respectively. In addition, the point where the relative permeabilities of water and oil are equal 
(crossover point), switches to the right from 45 to 86% for the system before and after nanofluid, 
respectively, which according to Craig's rules of thumb,73 indicates a change in the wetting condition 
of the system as the crossover point can be found at a Sw value higher than 50%.74 This is due to 
increasing Swr and reduced Sor due to the alteration of the wettability of the medium as nanoparticles 
get retained by the rock and act as a coating agent at nanoscale.62, 72, 73  
 
 
Figure 5.4 The relative permeability curves for the base, the core with crude oil-wet and the 
treated system after nanofluid injection in their respective formation plug. The relative 
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While these results are suggestive of wettability changes and should not be taken at face value, 
additional wettability analysis (not shown) turned out consistent with these observations. 
 
Table 5.3 Effective permeabilities at residual fluid saturations before and after SiO2 (S8) nanofluid 
injection. 
  Moment 
Property Before Nanofluid Injection After Nanofluid Injection 
Ko at Swr (mD) 453 1017 
Kw at Sor (mD)                                   248                          81 
Sor (%) 23.1 10.4 
Swr (%) 5.6 12.8 
 
Oil recovery curves are obtained by making a record in a time of the volume of oil recovered as the 
crude oil is displaced with water. These curves are constructed using the maximum volume of mobile 
crude oil recovered throughout the test, which in this case is that after the injection of the nanofluid. 
Figure 5.5 shows that for an 81% oil recovery obtained for the base system and after injection of 
nanofluid, 97% of recovery is obtained, i.e., the system increases its oil production capacity by 16%, 
reflecting the importance and impact of the proposed technology as optimizer agent mobility heavy 
oil. This is especially important in IOR processes with huff-n-puff configurations where a soaking 
time is required.  
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Figure 5.5 Recovery curves for the base and the after nanofluid injection system. 
 
5.4 Partial conclusions 
 
 The systematic addition of a nanofluid with active component S8 nanoparticles to a heavy 
crude oil generates reductions of more than 90% of viscosity in heavy oil.  
 In addition, it was observed that as the concentration of nanofluid in the mixture is increased, 
greater degrees of viscosity reduction are obtained, which evidences that nanoparticles 
dispersed in a carrier fluid cause a synergistic effect when comparing the effect of individual 
components. An optimal amount of nanoparticles was shown to exist.  
 At typical reservoir conditions of pressure and temperature, nanofluids were able to 
positively affect the crude oil mobility through the reduction of oil viscosity and the 
alteration of the porous media wettability.  
 The goal of this research has been achieved by demonstrating that nanotechnology exhibits 
a great and rich potential as an optimizer of heavy oil transport properties. It is expected that 
this study will open a better landscape abouonthe use of nanofluids in IOR and EOR 
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6. Conclusions and Recommendations 
6.1 Conclusions 
This study provides an important insight about nano-sized particles that can reduce the 
viscosity of heavy and extra heavy crude oil and the impact on mobility on porous media at 
reservoir conditions, and also at surface conditions. Several materials were characterized by 
particle size and surface area. Commercial Silica, Alumina and Magnetite nanoparticles were 
purchased and also characterized by particle size and surface area, the nanoparticles resulted in mean 
particle diameters in the nanoscale. The trend followed by the surface area of the nanoparticles was 
S8 > S8A > S11 > S8B > Al35 > F97 > S97 > S285. Adsorption isotherms were constructed by 
extracting asphaltenes from two different sources (Ho and EHO), which were dissolved in toluene 
to obtain the solution models. All nanoparticles have the ability to adsorb asphaltenes, from highest 
to lowest the trend was: S8A > S8 > S11 > S8B > S97 > Al35 > S285 > F97, this is mainly due to 
the interaction between polar groups of the asphaltene and the silanol group of the silica 
nanoparticles. The addition of nanoparticles of different chemical natures to heavy and extra heavy 
oil produces a viscosity reduction at low particle concentration contrary to expectations based on the 
behavior described through Einstein's theory on hydrodynamic viscosity. Subsequently, the first 
mathematical approach to calculating the viscosity as a function of the concentration of nanoparticles 
is presented, expressed as a function of volume fraction based on a modification to the model Pal 
and Rhodes for suspensions viscosity. The model fits the experimental data well, for volume 
fractions between 0 and 3.7 x 10-4. The solvation constant K and the form factor V follow a trend as 
a function of the shear rates evaluated and are consistent with the oil shear-thinning behavior. The 
effect of SiO2 nanoparticles with mean particle size of 8 nm on the rheological properties of heavy 
oil was studied through viscosimetry test at steady state as well as dynamic oscillometry. Heavy oil 
viscosity reduces as shear rate increases following a shear thinning non-Newtonian behavior. The 
addition of nanoparticles at a concentration of 1000 mg/L reduces the viscosity of heavy oil 12 to 
45%, for shear rates between 0 - 100 s-1 and temperatures of 288, 298 and 313 K. It was viscoelastic 
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moduli values indicate that samples fluid flow is governed dominated by viscous dissipation at all 
strain and frequencies evaluated. This leads to the conclusion that asphaltenes overlap acts like a 
transient network of fractal aggregates. The shear thinning behavior is so-attributed to the 
arrangement of overlapped asphaltenes under shear. However, at 313 K and higher frequencies (> 
30 rad/s), the value of the storage modulus exceeds the value of the loss modulus, which considerably 
decreases, just as the phase angle decreases to a value of approximately 38°. Therefore, we can say 
that under conditions of temperature and these frequency values, the heavy oil in the absence of 
nanoparticles behaves more like a solid than as a liquid. The effect of fumed silica nanofluids 
synthesized on the rheological properties of heavy and extra heavy crude was evaluated through 
rheological tests at steady-state conditions and in dynamic flow tests through a small-scale pipeline, 
mixing crude oil, nanofluid, and naphtha. Using dynamic tests of flow in a pipeline, the pressure 
differential during the flow of 1000 ml of the mixture was measured. It was found that the blend of 
extra-heavy crude with 10% nanofluid and 27% naphtha needs the same pressure differential as the 
blend composed of extra-heavy crude and 63% of naphtha, and for the blend of heavy crude with 
10% nanofluid and 13% naphtha needs the same pressure differential as the blend composed of 
heavy crude and 27% of naphtha. At typical reservoir conditions of pressure and temperature, 
nanofluids were able to positively affect the crude oil mobility through the reduction of oil viscosity 
and the alteration of the porous media wettability.  
By means of a simplified economic analysis based on a conventional mass balance, savings of 
roughly 50% can be obtained in comparison with the habitual consumptions, equivalent to more than 
USD $2.5 million per day. Also, there is a potential for energy savings in the pumping of heavy and 
extra-heavy crude oils, the required power and capacity of use of the pipeline is lower when using 
nanofluids, which generates savings close to 37%, generating savings of more than USD $2 million 
per year, and the possibility of increasing the volumes of production using the same infrastructure. 
Additionally, a discussion is presented from the environmental point of view, and the advantages of 
reducing naphtha consumption  showed potential environmental benefits through risk mitigation. In 
this way, the performance of nanofluid is verified as an optimizing agent for the transport conditions 
of heavy and extra-heavy crude oils, and it opens a promising technique to generate savings in the 
energy and fuel consumptions of the oil and gas industry. The goal of this research has been achieved 
by demonstrating that nanotechnology exhibits a great and rich potential as an optimizer of heavy 
oil transport properties. It is expected that this study will open a better landscape abouonthe use of 
nanofluids in IOR and EOR processes for enhancing the production of heavy and extra heavy oils. 
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6.2 Recommendations 
According to the results obtained, the following recommendations are proposed: 
 
 To explore different materials, and different combination with fluids. 
 
 To evaluate different types of heavy crude not only Colombian, but of different origins 
worldwide 
 
 To determine the effect of resins on the rheology of heavy crude oil, and how it affects the 
presence of nanoparticles / nanofluids, said effect 
 
 To determine which is the most important property of the asphaltenes in the interaction with 
nanoparticles able to reduce the viscosity. 
 
 Carry out a more detailed study evaluating many more concentrations of nanoparticles, thus 
allowing an optimum concentration in which the performance of the nanoparticles generates 
the greatest reduction of viscosity possible. 
 
 Carry out an analysis of the durability of the proposed treatments by applying nanofluids to 
the heavy crude 
 
 To determine the effect of nanotechnology on the rheology of W / O emulsions, since many 
heavy crude deposits tend to form emulsions 
 
 Conduct a traceability study of the nanoparticles to determine the effects they have on 
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